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Principal Investigator(s}z Petrash, D. A. (1), Nussle, R. C. (2),
Otto, E. W. (3)
Co-Investlgator(s}: None
Affiliation(s): (1,2,3) During Mercury: National Aeronautics and
Space Administration (NASA), Lewis Research Center (LeRC),
Cleveland, Ohio, Currently: (1,3) Retired; (2) NASA Lewis Re-
search Center (LeRC), Cleveland, Ohio
Experiment Origin: USA
Mission: Mercury-Aurora 7 (MA-7)
Launch Date/Expt. Date: 1962
Launohed From: Cape Canaveral Air Force Station, Florida
Payload Type_ Mercury Capsule
Processing Facility: Experimental tank consisting of a 300 mil-
liliter glass sphere with a cylindrical glass surface tension
baffle fused at one end to the inside surface of the sphere (see
Reference (1)). The tank was mounted slightly above and to the
right of the astronaut's head.
Builder of Processing Facility: Designed and built by NASA Lewis
Research Center, Cleveland, Ohio
Experiment:
Effects of Acceleration Disturbances on the Liquid-Vapor Inter-
face in a Baffled Tank
Early drop tower reduced-gravity experiments indicated that when
liquids wet container walls (as is the case for most propellants)
the location of the special liquid-vapor interface in the low-
gravity environment is random. However, research also il-
lustrated that correct placement of specially-designed baffles
within the container can result in a predictable positioning of
this interface. Earth-bound studies did not illustrate, however,
if the surface-tension baffling would (1) maintain control of the
liquid-vapor interface during acceleration disturbances or, (2)
regain control of the interface after the application of large
disturbing forces.
This Mercury-Aurora experiment was designed to study the dif-
ficulties associated with storing liquid propellants in a space
vehicle. The specific objectives of the investigation were to
(1) study the long-term, steady-state configuration of the
liquid-vapor interface, (2) determine the ability of the baffle
configuration to maintain control of the liquid-vapor interface
during spacecraft maneuvers, and (3) determine at what accelera-
tion level (during re-entry) control of the interface is lost.
A specially constructed 3.3 inch diameter, 300 ml glass sphere
experimental tank was used during the mission. A cylindrical
surface-tension baffle, made of glass, was attached to one end of
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the inside sphere surface. The baffle, i.i inch in diameter, ex-
tended 1.9 inches into the tank. Flow between the tank and in-
side of the baffle was made possible by three holes (each ap-
proximately 1/3 of an inch in diameter). The experimental tank
was encased and hermetically sealed at ambient conditions. The
front of the encasement consisted of a transparent, Lucite hemi-
sphere which allowed visualization of the liquid position. The
back section of the encasement consisted of an aluminum hemi-
sphere, painted white for light reflection (see Figure 2,
Reference (i)).
The tank assembly was mounted in the Mercury-Aurora 7 capsule at
a position just to the right of the astronaut's head (when he was
in a sitting position) and was filmed by the pilot observer
camera located in the instrument panel. A clock, which was used
for correlating fluid behavior with spacecraft maneuvers, was
also filmed. No photographic data were obtained during the
periods of darkness of the mission.
The experimental tank was partially filled with distilled water.
The remainder of the tank volume was filled with air. The water
was modified with additives to reduce its surface tension. The
additives ensured the compatibility of the space data with data
obtained during drop tower experiments (during which ethyl al-
cohol was employed). (See References (2) and (3) for details of
these drop tower experiments.)
Reportedly, salt water contacted the camera during the
landing/recovery stage of the mission, and somewhat degraded the
quality of the film. However, "...the quality... [of the film
was].., satisfactory for analysis of the liquid behavior." (i, p.
4)
The film indicated that the steady-state configuration of the
liquid-vapor interface was the same as that observed during drop
tower experiments: the baffle being completely filled and the
remaining liquid uniformly distributed at the base of the baffle.
The fluid level in the tank was lower than that of the baffle.
"The time required for the liquid transition from the thrust con-
figuration to the zero-gravity configuration was of the order of
12 seconds both at initial entry into zero gravity and after
retrofire .... This period of time is longer than that observed
in the models studied in the drop tower.., and is attributed to
the fact that the [Mercury] tank was larger and the holes at the
base of the surface-tension baffle were comparatively smaller and
limited the flow." (I, p. 4)
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During orbit, the spacecraft underwent orientation maneuvers and
acceleration disturbances to the experiment were realized.
"Short-term activation of the 24-pound thrusters in pitch and yaw
directions resulted in tangential acceleration disturbances on
the experiment of 0.011 and 0.005 g, respectively. The 6-pound
roll thruster imparted 0.003 g of acceleration disturbances on
the experiment." (i, p. 3) It was reported that these maneuvers
did not significantly affect the liquid-vapor interface. During
pitch maneuvers (0.011 g), an occasional slosh of the liquid was
noticed.
Just prior to re-entry, firing of the retrorockets was performed.
This resulted in the liquid leaving the surface-tension baffle,
but the interface quickly resumed the steady-state configuration
upon re-establishing low-gravity conditions. As the spacecraft
entered the Earth's atmosphere and gravity forces became large
enough to overcome the surface-tension forces, the liquid left
the baffle. Analysis of tracking data indicated that this event
occurred at an acceleration level of 0.30 g.
Key Words: Fluid Physics, Propellant Storage, Contained Fluids,
Liquid Reservoir, Spheres, Partially Filled Containers, Fuel
Tanks, Fluid Management, Liquid Transfer, Baffles, Free Surface,
Liquid/Vapor Interface, Solid/Liquid Interface, Interface
Physics, Acceleration Effects, Sloshing, Liquid Dynamic Response,
Surface Tension, Wetting, Wetting of Container, Launch Induced
Fluid Motion, Vehicle Re-entry Forces/Vibration, Rocket Motion,
Photographic Difficulties
Number of Samples: one baffled tank
Sample Materials: distilled water with additives to reduce the
surface tension (see Reference (1) for a complete listing of
additives)
Container Materials: glass tank with glass baffle
Experiment/Material Applications:
The control of the liquid-vapor interface under low-gravity con-
ditions is required to assure proper delivery of the propellant
to the engine. Short-term, drop tower experiments cannot provide
the type of acceleration disturbances which may affect the posi-
tion of the interface.
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References/Appllcable Publications:
(I) Petrash, D. A., Nussle, R. C., and Otto, E. W.: Effect of Ac-
celeration Disturbances Encountered in the MA-7 Spacecraft on the
Liquid-Vapor Interface in a Baffled Tank During Weightlessness.
NASA TN D-1577, NASA, Washington, DC, 1963, 14 pp.
(2) Petrash, D. A., Zappa, R. F., and Otto, E. W.: Experimental
Study of the Effects of Weightlessness on the Configuration of
Mercury and Alcohol in Spherical Tanks. NASA TN D-I197, 1962.
(pre-flight, drop tower experiments).
(3) Petrash, D. A., Nelson, T. M., and Otto, E. W.: A Study of
the Effect of Surface Energy on the Liquid-Vapor Interface Con-
figuration During Weightlessness. NASA TN D-1582, 1962. (pre-
flight)
(4) Input received from Principal Investigator R. Nussle, August
1993.
Contaot(s):
Ralph Nussle
MS 6-2
21000 Brook Park Road
NASA Lewis Research Center
Cleveland, OH 44135
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Principal Investigator(s): Abdalla, K. L. (1), Symons, E. P. (2)
Co-Investigator(s}: None
Affiliation(s): (1) During Apollo 14: National Aeronautics and
Space Administration (NASA), Lewis Research Center (LeRC),
Cleveland, Ohio, Currently: Retired; (2) NASA Lewis Research Cen-
ter, Cleveland, Ohio
Experiment Origin: USA
Mission: Apollo 14
Launch Date/Expt. Date: February 1971
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Apollo Command Module Payload, Hand-Operated Test
Apparatus
Processing Facility: Scale model liquid transfer unit
Builder of Processing Facilltyz NASA Lewis Research Center,
Cleveland, Ohio
Experiment:
Liquid Transfer Demonstration
During future space operations, the transfer of a liquid from one
tank to another will be necessary. A few of the fluid-management
challenges involved with the transfer include: (1) gas free out-
flow from the supply tank, (2) spill free inflow into the
receiver tank, (3) control of the liquid vapor interface during
acceleration perturbations, and (4) positioning of the fluid at
the drain port.
Experimental and analytical investigations (cited by the
investigators) of reduced-gravity liquid drainage and liquid in-
flow indicated that "...liquid-transfer systems with high total
delivery efficiency could not be achieved in weightlessness
without the addition of internal devices to control the position
of the liquid vapor interface." (i, p. 2)
The objective of this Apollo 14 experiment was to demonstrate the
effectiveness of two surface tension baffle designs during low-
gravity fluid transfer.
Two scale-model, liquid transfer units were employed for the ex-
periment. One unit contained a pair of baffled tanks, the other,
a pair of unbaffled tanks. Each tank was a flat cylinder (or
disc) 10.16 cm in diameter, 0.635 cm thick (long). These discs,
which permitted photographic fluid flow analysis, allowed simula-
tion (in two dimensions) of the three-dimensional flow in a
spherical tank.
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Each of the two baffled tanks had a different baffle design. The
first, called a standpipe-liner baffle design consisted of (i) a
standpipe (located over the drain/fill port) and (2) a wall liner
(spaced a distance away from the tank wall). "The standpipe has
the characteristics of a capillary tube and will retain liquid
within the standpipe and externally adjacent to the standpipe.
The standpipe tank has been demonstrated to be very effective [in
drop tower tests] in positioning the liquid in the tank area
about the standpipe base, even when the liquid is initially ad-
versely located and also under limited acceleration perturba-
tions .... The wall liner is a capillary surface which locates a
layer of liquid along the wall. The spacing of the liner away
from the tank wall and the hole size of the openings in the liner
determine the inherent residual liquid remaining after draining.
The liner concept has been shown to be effective [in drop tower
tests] for expulsion tanks .... The combined effects of these two
concepts results in a capillary system that has the characteris-
tics of retaining liquid in a preferential location and permit-
ting liquid flow in or out from the same location. In order to
prevent premature vapor ingestion through the standpipe during
draining, a solid deflection baffle was placed at the base of the
standpipe. In addition, the incoming pressurant is diffused by
deflecting the flow 90 ° . The location of this pressurant inlet
port is extended within the tank such that it is located at the
center of the anticipated ullage space in weightlessness when the
tank is 90 percent full of liquid." (i, p. 5)
The second baffle design, called a curved-web design,
"...consists of a series of three circular perforated plates
nestled around a smaller feeder capillary section .... The
circular-shaped plates, or curved-web baffles, are arranged off-
center such that the cross sectional area between baffles in-
creases gradually from the feeder capillary section towards the
opposite end of the tank. This arrangement tends to locate the
liquid vapor interface such that the liquid bulk is adjacent to
the feeder capillary. As in the standpipe liner tank, the
curved-web baffle system also contains both a small deflection
baffle over the feeder capillary section and a pressurant gas
diffuser .... " (i, p. 6)
Each baffle "...was designed to achieve the following objectives:
"(i) Gas-free outflow from the supply tank with high total
delivery efficiency
"(2) Orderly inflow into the receiver tank with no liquid loss
through the gas vent
"(3) Ability to achieve a configuration with the gas located at
the tank vent and the liquid at the drain/fill port." (i, p. 5)
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Each tank was configured with two ports: a drain/fill port and a
vent port. "The drain/fill ports on each pair of tanks were con-
nected by a transfer tube that contained a slide-action isolation
valve. The vent port on each tank contained an identical slide-
action valve." (1, p. 3) The hand operated, screw-driven piston
pump provided pressure at one port and created suction at the
other.
"The liquid used in the tanks was an inert fluorochemical,
perfluorotributylamine, which satisfied the safety requirements
for the spacecraft. Furthermore, the liquid had a zero degree
static contact angle on the tank surfaces to simulate the contact
angle of most propellants on typical spacecraft materials. To
improve the quality of the photographic data, a small amount of
dye was added to the liquid." (1, p. 3) (Other properties of the
liquid were detailed in Reference (3).)
"Each tank section, when connected to the piston pump with the
flexible tubing, makes up a closed-loop transfer system. One of
the tanks, starting with a predominantly liquid filled condition,
represents the supply tank. The other tank in the set, either
empty or nearly empty, is the receiver tank. The "vent sides of
both tanks were connected to the pressure and suction sides of
the pump, respectively, closing the system. The isolation valves
on the vent are opened, as well as those on the transfer tube
valve interconnecting the "drain/fill" side of the tanks. Opera-
tion of the hand-crank on the piston pump in one direction pres-
surizes the supply tank and simultaneously creates an equivalent
amount of suction in the receiver tank causing fluid flow. By
rotating the crank uniformly the flow rate remains reasonably
constant. Transfer is now continued until (1) liquid is depleted
from the supply tank, (2) vapor is beginning to ingest into the
outlet of the supply tank, or (3) liquid reaches the vicinity of
the vent side of the receiver tank. On completion of a transfer
operation liquid transfer can be reversed simply by rotation of
the pump in the opposite direction. The receiver tank, which is
now relatively full of liquid becomes the supply tank." (1, p. 6)
"During transfer operations, one crew member photographed the
tanks either with a motion picture sequence camera or with the
onboard video camera, while another operated the piston pump at a
prescribed rate." (i, p. 4) Reportedly, "...during operations to
familiarize crew members with techniques in the weightless en-
vironment, small amounts of the liquid inadvertently became
trapped in the piston pump system. As a result, the initial
fillings for the tests varied, although this should not detract
from the performance demonstration of the system operation.
Several transfer operations were performed by the crew. The
results of four of these tests have been selected as repre-
sentative of the system operation. Three of the tests are for
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the baffled tank system; the fourth for an unbaffled tank test,
is included for comparison. (i, p. 6)
The Unbaffled Tank Test
The unbaffled tank test illustrated that at the beginning of the
liquid transfer, the interface was, as expected, circular in
shape, forming a gas bubble "...located such that a liquid layer
covered both the drain and vent sides of the tank. The liquid
filling is estimated to be 36 percent of the tank volume, with an
additional i0 percent contained in the transfer tube connecting
the two tanks. A gas bubble formed directly over the vent or
pressurant inlet as the tank pressurized to start the transfer.
"During the transfer.., the liquid-vapor interface in the
receiver tank was deformed because of the incoming liquid jet;
however, the interface appeared stable." (i, p. 7) Calculations
of the stability of the interface indicated that stable flow was
expected.
"Gas ingestion occurred quickly at the point where the liquid
remaining was 24 percent of the tank volume, which for this case
resulted in less than 12 percent of the tank volume being
delivered .... [L]iquid eventually ingested in the receiver tank
vent." (i, p. 7)
It was concluded that "...unbaffled tanks were not suitable for
transfer of liquid in weightlessness." (i, p. I0)
The Baffled Tank Tests
"The first of these transfer tests used the curved-web baffled
tank as the supply tank and the standpipe liner as the receiver
tank. The second test reversed the procedure with the standpipe
liner as the supply tank. For these tests, the flow rate was the
same order of magnitude as for the transfer with the unbaffled
tanks. The third transfer operation was performed at about four
times the flow rate with the curved web tank as the supply and
liquid flow to the standpipe-liner tank receiver .... " (i, p. 8)
It was concluded that "Two surface-tension baffle designs incor-
porated in separate tanks were shown to be effective both as
supply tanks and as receiver tanks. Liquid was transferred to
and from either baffled tank in weightlessness to within 2 per-
cent of the nondeliverable liquid fraction (design penalty)
without reaching gas ingestion. The liquid interface in the
receiver tank was positioned successfully during inflow "with the
gas at the vent." (i, p. i0)
Further details of each of the transfer operations can be found
in Reference (i), pages 8-9.
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Key Words: Fluid Physics, Propellant Transfer, Refueling in Or-
bit, Propellant Tanks, Liquid Reservoir, Liquid Transfer, Fluid
Management, Contained Fluids, Partially Filled Containers,
Baffles, Free Surface, Solid/Liquid Interface, Interface Physics,
Liquid/Vapor Interface, Interface Shapes, Interface Stability,
Gas Ingestion, Gas-Free Liquid Expulsion, Bubble Formation, Wet-
ting, Contact Angle, Capillary Forces, Capillary Tubes, Capillary
Flow, Surface Tension, Sloshing, Piston System, Acceleration Ef-
fects
Number of Samples: four fluid transfer tanks (two baffled, two
non-baffled)
Sample Materials: Inert Fluorochemical: Perfluorotributylamine
dyed for photographic purposes. (The liquid forms a near zero
degree contact angle.)
Container Materials: The tanks were made of near-optically-clear
plastic.
Experiment/Material Applications:
One element of propellant management that will be necessary
during future space operations will be the transfer of liquid
from a tanker vehicle to a receiver vehicle. Examples of such
fluid management include: (1) transfer of propellants from a
shuttle-craft to a space station, (2) transfer of propellants to
tanks of vehicles designed for lunar or planetary missions, (3)
transfer of vital fluids to the space station, and (4) restart of
propulsion systems in space.
References/Appllc_le Publicatlons:
(i) Abdalla, K. L., Otto, E. W., Symons, E. P., and Petrash, D.
A.: Liquid Transfer Demonstration on Board Apollo 14 During Tran-
searth Coast. NASA Technical Memorandum NASA TM X-2410, November
1971, 30 pp. (post-flight)
(2) Abdalla, K. L. and Berenyi, S. G.: Vapor Ingestion Phenomenon
in Weightlessness. NASA TN D-5210, 1969. (related research)
(3) Berenyi, S. G. and Abdalla, K. L.: Liquid-Vapor Interface
During Outflow in Weightlessness. NASA TM X-1811, 1969.
(related research)
(4) Berenyi, S. G. and Abdalla, K. L.: Vapor Ingestion Phenomenon
in Hemispherically Bottomed Tanks in Normal Gravity and in
Weightlessness. NASA TN D-5704, 1970. (related research)
12-11
(5) Symons, E. P., Nussle, R. P., and Abdalla, K. L.: Liquid In-
flow to Initially Empty Hemispherical Ended Cylinders During
Weightlessness. NASA TN D-4628, 1968. (related research)
(6) Symons, E. P. and Nussle, R. C.: Observations of Interface
Behavior During Inflow to an Elliptical Ended Cylinder in Weight-
lessness. NASA TM-1719, 1969. (related research)
(7) Symons, E. P.: Interface Stability During Liquid Inflow to
Initially Empty Hemispherical Ended Cylinders in Weightlessness.
NASA TM X-2003, 1970. (related research)
(8) Symons, E. P.: Liquid Inflow to Partially Full, Hemispherical
Ended Cylinders During Weightlessness. NASA TM X-1934, 1969.
(related research)
(9) Abdalla, K. L., Flage, R. A., and Jackson, R. G.: Zero-
Gravity Performance of Ullage Control Surface with Liquid
Hydrogen While Subjected to Unsymmetrical Radiant Heating. NASA
TM X-1001, 1964. (related research)
(i0) Response received from Principal Investigator, June 1993.
<Note: Additional references to related research can be found on
pages 11-15 of publication (i) above.>
Contact(s):
Kaleel L. Abdalla
Retired
E. P. Symons
NASA Lewis Research Center 86-6
21000 Brookpark Road
Cleveland, OH 44135
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Princlpal Investigator(s): Bannister, T. C. (1), Grodzka, P. G.
(2)
Co-Investigator(s): None
Affiliation(s) z (1) During Apollo: National Aeronautics and Space
Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: Boeing Aerospace, Huntsville,
Alabama; (2) During Apollo 14: Lockheed Missiles and Space Com-
pany, Inc., Huntsville, Alabama, Currently: Faratech, Inc.,
Huntsville, Alabama
Experiment Originz USA
Missions Apollo 14
Launch Date/Expt. Datez February 1971 (The experiment was per-
formed during the Apollo 14 lunar flyback.)
Launched Fromz NASA Kennedy Space Center, Florida
Payload Type: Apollo Science Demonstration, Apollo Command Module
Payload
Processing Facility: Carry-on experiment housed in a fold up box,
containing cylinders and flat dishes
Builder of Processing Facilitys Lockheed Missiles and Space Com-
pany, Huntsville, Alabama
Experiments
Heat Flow and Convection
This Apollo 14 demonstration was the first in a series of inves-
tigations designed by Bannister et al. to study low-gravity heat
flow and convection. The experimental apparatus consisted of
three independent cells designed to observe thermally-driven con-
vection.
The First Cell
The first cell, called the radial cell, was an enclosed cylinder
containing (i) carbon dioxide gas, (2) a tapered axial heater,
and (3) a liquid crystal circular patch. During the mission, the
gas was warmed by the heater. Temperature changes within the cell
were indicated by color changes of the liquid crystal patch and
documented via time lapse photography using the Apollo 16mm
camera. (The camera was placed at one end of the cylinder look-
ing down its longitudinal axis and focused on the liquid crystal
display.) Cell flow patterns were not monitored (the gas con-
tained no tracer particles; only the liquid crystal display
provided data for the experiment).
Examination of the space data indicated reduced heat flow had oc-
curred in the low-gravity radial cell. After analyses of the
isotherm vs. time curves were calculated for the cell, it was
reported that "One of the most striking features of the.., curves
was their undulatory character or the presence of long period os-
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cillations."(l, p. 4) Experimental time temperature curves were
compared to curves calculated based on the assumption that con-
duction and radiation were the only heat transfer modes.
Reportedly, "The Apollo 14 flight curve deviates considerably
from the conduction/radiation curve.., an indication of convec-
tion .... It was concluded that g-jitter of the 10 -3 to 10-4g
level was responsible for the observed Apollo 14 convection." (i,
p. 4) (The g-level estimate was made by tracking a trapped,
small air bubble in the third cell. A discussion of the third
cell is presented below.)
The Second Cell
The second cell, called the flow pattern cell, consisted of a pan
with a removable cover. At the start of the experiment, the cover
was removed and oil was initiated into the cell. (Fluid
positioning in the cell was aided by baffles placed along the pan
rim.) Once the free-surface fluid was positioned, the pan was
heated from underneath (cover still removed), the geometry of the
Benard problem.
The oil employed for the experiment contained small, flat,
aluminum flakes such that the fluid flow pattern could be visual-
ized. This pattern was documented via time lapse photography
using the Apollo 16 mm camera. (The camera's focus was directed
perpendicular to the liquid free surface.) This cell did not
contain liquid crystal patches for temperature change determina-
tions.
The low-gravity flow pattern resulting in this cell was less or-
derly and symmetrical than Benard-type hexagonal cell patterns
observed during similar ground-based experiments. Although ac-
cording to the available references, the low-gravity results were
hampered by the inability to achieve a flat, free-surface layer
of fluid, it was reported that "...[in the low-gravity flow pat-
tern cell] convection cells with three to four sides are clearly
visible in the fluid adjacent to the wall. A somewhat less dis-
tinct pattern is seen in the fluid layer (estimated to be about
0.2 mm) in the center of the pan. The cells in the thicker wedge
appeared about 23 seconds after the cells in the center layer, in
general contradiction with the theory which predicts that cel-
lular convection occurs at lower temperature gradients in thick
fluid layers than in thinner fluid layers .... The later ap-
pearance of the cellular pattern developed during an earlier non-
cellular flow caused at the pan walls by a radial temperature
gradient. Furthermore, an underlying steady flow distorts a
regular cellular pattern .... The irregular pattern actually ob-
served, therefore, is in keeping with the postulation of an un-
dercurrent." (2, p. 507)
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Reportedly, this experiment was the first low-gravity investiga-
tion to conclusively show cellular convection due to surface ten-
sion in a space environment.
The Third Cell
The third cell, called the lineal or zone cell, consisted of
"...two [equal length] glass cylinders, one containing gas-free
distilled water and the other containing a 20 percent (by weight)
sucrose solution .... " (2, p. 507). (The contents of the two
cylinders were isolated from each other throughout the entire ex-
periment by the glass walls.) The cylinders were not configured
in the cell end to end, but longitudinally one above another such
that a single band heater at the end of the cell heated the con-
tents of each cylinder from the same end. Each cylinder contained
a liquid crystal shaft extending lengthwise down the center of
the cylinder to allow observation of fluid temperature vs. posi-
tion. (The cell contained no tracer particles as fluid flow pat-
terns of the cell were not to be documented.)
Reportedly, first and second order convection was observed, al-
though it was small in comparison to that which occurred in the
first cell.
Additional information concerning this experiment can be found in
Reference (2).
Key Words: Fluid Physics, Buoyancy-Driven Convection, Marangoni
Convection, Surface Tension-Driven Convection, Thermocapillary
Convection, Benard Convection, Benard Cells, Thermal Convection,
Gaseous Convection, Cellular Convection, Buoyancy Effects
Diminished, Thermal Gradient, Thermal Diffusion, Diffusion, Heat
Transfer, Heat Conduction, Radiation, Baffles, Fluid Management,
Liquid Transfer, Interface Shape, Interracial Curvature, Surface
Tension, Free Surface, Liquid/Gas Interface, Solid/Liquid Inter-
face, Vapor/Solid Interface, Tracer Particles, Acceleration Ef-
fects, Liquid Expulsion Through a Small Orifice, Contained
Fluids, Wetting of Container, Non-Wetting of Container, Liquid
Crystals
Number of Samples: Three cells but a total of four samples: one
radial cell (one sample), one flow pattern cell (one sample), one
zone cell (two samples).
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Sample Materials: Carbon dioxide (radial cell); Krytox oil (flow
pattern cell); water and sucrose solution (zone cell). For
photographic purposes the Krytox oil (flow pattern cell) con-
tained a suspension of tiny a flakes.
Container Materials: (i) Flow pattern cell: the bottom of the
dish was made of aluminum (high wettability); the sides of the
dish were made of an insulating plastic (low wettability); (2)
lineal cell: two glass cylinders; (3) radial cell: unknown
Experiment/Material Applications:
This early science demonstration was performed to graphically il-
lustrate the advantages of low-gravity for suppressing convection
in geometries common to processing of materials. It was con-
cluded that buoyancy-driven convection was reduced. However,
vivid photographs of surface tension driven convection alerted
the science community of the need to consider Marangoni convec-
tion effects in space.
References/Applicable Publications:
(i) Grodzka, P. G. and Bannister, T. C.: Natural Convection in
Low-G Environments. 12th American Institute of Aeronautics and
Astronautics Aerospace Sciences Meeting, Washington, D.C.,
January 30-February i, 1974, 13 pp., AIAA Paper #74-156 (post-
flight)
(2) Grodzka, P. G. and Bannister, T. C.: Heat Flow and Convection
Demonstration Experiments Aboard Apollo 14. Science, Vol. 176,
May 5, 1972, pp. 506-508. (post-flight)
(3) Grodzka, P. G., Fan, C., and Hedden, R. O.: The Apollo 14
Heat Flow and Convection Demonstration Experiments; Final Results
of Data Analysis. LMSF-HREC D22533, Lockheed Missiles and Space
Company, Huntsville, Alabama, September 1971. (post-flight)
(4) Bannister, T. C., Grodzka, P. G., Spradley, L. W., Bourgeois,
S. V., Hedden, O., and Facemire, B. R.: Apollo 17 Heat Flow and
Convection Experiments, Final Data Analyses Results. NASA TM X-
64772, July 16, 1973. (post-flight)
(5) Gatewood, E., Morris, M. G., and Holland, R. L.: Acceleration
Levels on the Heat Flow and Convection Demonstration- Apollo 14.
NASA TM X-64644, February ii, 1972, 19 pp. (post-flight)
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(6) Naumann, R. J. and Mason, D.: Heat Flow and Convection Ex-
periment. In Summaries of Early Materials Processing in Space
Experiments, NASA TM-78240, August 1979, pp. 8-9. (post-flight)
(7) Input received from Principal Investigator T. C. Bannister,
July 1988 and June 1993.
Contact(s):
Tom Bannister
Boeing Aerospace
Mail Stop JS-55
Bldg. 4708
NASA Marshall Space Flight Center, AL 35812
Philomena G. Grodzka
Faratech, Inc.
526 Clearmont Dr. SE
Huntsville, AL 35801
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PrlncIpal Investigator(s): Bannister, T. C. (i), Grodzka, P. G.
(2)
Co-Investigator(s): None
Affiliation(s): (1) During Apollo 17: National Aeronautics and
Space Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: Boeing Aerospace, Huntsville,
Alabama; (2) During Apollo 17: Lockheed Missiles and Space Com-
pany, Inc., Huntsville, Alabama, Currently: Faratech, Inc.,
Huntsville, Alabama
Experiment Origin: USA
Mission: Apollo 17
Launch Date/Expt. Date: December 1972
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Apollo Science Demonstration, Apollo Command Module
Payload
Processing Facility: Carry-on experiment housed in fold-up box
containing cylinders and flat dishes
Builder of Processing Facility: Lockheed Missiles and Space Com-
pany, Huntsville, Alabama
Experiment:
Heat Flow and Convection
This Apollo 17 demonstration was the second in a series of inves-
tigations designed by Bannister et al. to study low-gravity heat
flow and convection (see Bannister, Apollo 14).
Three experiment cells, slightly modified after the earlier
Apollo 14 flight, were employed to observe thermally-driven con-
vection.
The First and Third Cells
The first cell, called the radial cell, was an enclosed cylinder
containing argon gas. The cell contained a small, cylindrical,
axial post heater. The third cell, called the lineal cell, was
an enclosed cylinder containing Krytox oil. Magnesium particles
were suspended in the oil to permit observation of the fluid flow
when the cell was heated from one end. Reportedly, both the
radial and lineal cells were configured with a liquid crystal
membrane. <Note: Although it was not clear in the available
references, it appears that (i) the radial cell had a circular
liquid crystal patch configured within the cylinder and (2) the
lineal cell had a liquid crystal shaft extending lengthwise down
the center of the cylinder.>
During the mission, the contents of both cells were heated. Time
lapse photography was used to (i) record temperature changes in
both cylinders (as indicated by color changes in the liquid
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crystals) and (2) document the resulting flow field in the lineal
cell. <Note: It is not clear how the camera was positioned with
respect to each cell during the experiments.>
Examination of the space data indicated a reduced heat flow in
both the radial and lineal cells. The recorded thermal response
was compared to analytical predictions. Reportedly, "No sig-
nificant heat flow over that predicted for the pure conduction
cases was observed in the Apollo 17 tests. Nor was any sig-
nificant movement of the magnesium particles noted. We con-
cluded, therefore, that no significant convection occurred in the
Apollo 17 confined fluids tests." (2, p. 166) It was further
reported that the spacecraft g-levels of Apollo 17 (which were
different from those of Apollo 14) may have been responsible for
_his reduced convection.
The Second Cell
The second cell, called the flow pattern cell, was a pan with a
removable cover. At the start of the experiment, the cover was
removed and oil was initiated into the cell. (Aluminum flakes
were suspended in the oil such that the fluid flow pattern could
be visualized.)
Fluid positioning in the cell was aided by baffles placed along
the pan rim. These baffles had been redesigned following the
Apollo 14 flight. The improved design "...allowed two somewhat
convex layers, approximately 2-mm and 4-mm in depth, to be
heated." (2, p. 165) Once the free surface liquid was posi-
tioned, the pan was heated from underneath (cover still removed),
the geometry of the B_nard problem. The resulting fluid flow
pattern was documented via time lapse photography. (The camera's
focus was directed perpendicular to the liquid free surface.)
After examination of the space data it was reported that "In
both the 2-mm and 4-mm cases a concentric side roll and polygonal
cells in the central area were seen to form at just about the
same time. After a few minutes, the polygonal cellular convec-
tion dominated." (2, p. 166) The convection had a much more
regular pattern than that seen in the earlier Apollo 14 flow pat-
tern experiment cell. A critical condition for the onset of
surface-tension driven convection was observed.
The results from this cell showed that cellular convection due to
surface tension gradients can occur in the space environment.
It was concluded that buoyancy-driven convection was reduced in
the low-gravity environment (radial and lineal cell). However,
vivid photographs of surface tension-driven convection (in the
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flow pattern cell) alerted the science community of the need to
consider Marangoni convection effects in space.
Key Words: Fluid Physics, Buoyancy-Driven Convection, Buoyancy
Effects Diminished, Marangoni Convection, Surface Tension-Driven
Convection, Benard Convection, Benard Cells, Thermal Convection,
Gaseous Convection, Cellular Convection, Thermal Diffusion, Dif-
fusion, Heat Conduction, Radiation, Thermal Gradient, Heat Trans-
fer, Surface Tension, Free Surface, Fluid Management, Liquid
Transfer, Interface Shape, Liquid/Gas Interface, Solid/Liquid In-
terface, Vapor/Solid Interface, Tracer Particles, Baffles, Sur-
factants, Acceleration Effects, Liquid Expulsion Through a Small
Orifice, Contained Fluids, Liquid Crystals
Number of Samples: three
sample Materialsz radial cell: argon gas; flow pattern cell:
Krytox 143AZ oil, a perkfluoroalkylpolyether, to which was added
tiny flakes of suspended aluminum and a surfactant to aid in the
wetting of the aluminum powder; lineal cell: Krytox 143AA oil
with a suspension of magnesium particles
Container Materials: Unclear; they may have been the same as
those cells employed on Apollo 14.
Experiment/Material Applications:
See Bannister, Apollo 14.
References/Applicable Publicatlonsz
(I) Grodzka, P. G. and Bannister, T. C.: Natural Convection in
Low-G Environments. 12th American Institute of Aeronautics and
Astronautics Aerospace Sciences Meeting, Washington D.C., January
30-February 1, 1974, 13 pp., AIAA Paper #74-156 (post-flight)
(2) Grodzka, P. G. and Bannister, T. C.: Heat Flow and Convection
Experiments Aboard Apollo 17. Science, Vol. 187, January 17,
1975, pp. 165-167. (post-flight)
(3) Bannister, T. C., Grodzka, P. G., Spradley, L. W., Bourgeois,
S.V., Hedden, R. 0., and Facemire, B. R.: Apollo 17 Heat Flow
and Convection Demonstration Experiments, Final Data Analyses
Results. NASA TM X-64772, July 16, 1973.
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(4) Naumann, R. J. and Mason, D.: Heat Flow and Convection Ex-
periment. In Summaries of Early Materials Processing in Space
Experiments, NASA TM-78240, August 1979, pp. 8-9. (post-flight)
(5) Input received from Principal Investigator T. C. Bannister,
July 1988 and June 1993.
Contact(s)_
Tom Bannister
Boeing Aerospace
Mail Stop JS-55
Bldg. 4708
NASA Marshall Space Flight Center, AL 35812
Philomena G. Grodzka
Faratech, Inc.
526 Clearmont Dr. SE
Huntsville, AL 35801
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Principal Investlgator(s): Sherhart, K. M. (1)
Co-Investigator(s): Politzer, H. (Teacher/Sponsor) (2)
Affiliation(s): (1) During Skylab: Berkley High School, Berkley,
Michigan, Currently: Unknown; (2) During Skylab: Berkley High
School, Berkley, Michigan, Currently: Retired
Experiment Origin: USA
Mission: Skylab Program
Launch Date/Expt. Date: Not applicable. Although this principal
investigator was chosen as a finalist in the student experiment
program, the hardware associated with this experiment was never
fabricated. The student assisted with another aspect of Skylab.
Launched From: Not Applicable
Payload Type: Skylab Student Project, High School Student
Experiment; Skylab Manned Environment (Planned)
Processing Facility: A piston assembly used to force solids
through sized openings
Builder of Processing Facility: Not Applicable
Experiment:
Powder Flow
The objective of this experiment was to study the flow of pow-
dered solids in a low-gravity environment.
Prior to flight, several simple plastic models, implemented with
mechanical pistons, were designed to force solid particles
through sized openings. Particles of interest included steel
marbles, small plastic beads, and a powder similar to talcum.
Preliminary ground-based investigations indicated that the par-
ticles remained packed together, preventing flow.
Although NASA scientists felt that an experiment of this nature
merited investigation, basic research required to remedy the flow
difficulties could not be completed within the pre-mission
timelines. Thus, the experiment was not implemented into the ac-
tual Skylab mission student experiments.
<Note: Co-Investigator H. Politzer reported that (I) Sherhart was
told that his experiments would be attempted on planes simulating
low-gravity, and (2) Sherhart received reports about the progress
of these experiments. (Politzer did not have copies of these
reports.) The reports could not be located at this time.>
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Key Words: Fluid Physics, Powders, Spheres, Powder Flow, Particle
Transport, Particle Agglomeration, Fluid Management, Mass Trans-
fer, Contained Fluids, Piston System, Sample Not Processed As
Planned
Number of Samples: not applicable
Sample Materials: steel marbles, plastic beads, and fine powder
similar to talcum
Container Materials: plastic
Experiment/Material Applications:
The experiment was to provide insight into the transfer and
manipulation of fluids in space. Control of liquid fuels,
coolants, lubricants, etc. continues to be an important aspect of
low-gravity fluid management.
References/Applicable Publications:
(i) Skylab, Classroom in Space. NASA SP-101, 1977, pp. 92-93.
(preflight)
(2) Input received from Co-Investigator H. Politzer, August 1989
and August 1993.
Contact(s):
Kurt Sherhart
Work Address Unknown
Helen Politzer
Work Address Unavailable
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Prinoipal Investigator(s): Dunlap, B. (i)
Co-Investigator(s): Head, R. (Science Advisor) (2), Pallante, P.
J. (Teacher/Sponsor) (3)
Affiliation(s): (1) During Skylab: Fitch High School, Austintown,
Ohio, Currently: John Hopkins Applied Physics Laboratory, Laurel,
Maryland; (2) During Skylab: National Aeronautics and Space Ad-
ministration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: Unknown; (3) Fitch High School,
Austintown, Ohio
Experiment Origin: USA
Mission: Skylab SL-3, Second Skylab Manned Mission
(This experiment was originally scheduled for Skylab SL-4, but
because excess crew time was available on SL-3, the experiment
was performed on SL-3.)
Launch Date/Expt. Date: September 1973 (month experiment was
attempted)
Laun=hed From: NASA Kennedy Space Center, Florida
Payload Type: Skylab Student Project, High School Student Experi-
ment, Skylab Manned Environment
Processing Faaility: Gas/liquid chamber with viewing window (a
piston provided an impulse to gas/liquid system)
Builder of Processing Facility: NASA Marshall Flight Center,
Huntsville, Alabama
Experiment:
Liquid Motion (ED78)
When waves are created in a container of liquid on Earth, they
take the shape of the container. In space, however, "Adhesion
forces may hold the liquid in contact with its container... [or]
the liquid... [may] assume a free floating condition." (4, p. 87)
The original objectives of this Skylab experiment were to (i)
determine if the free floating condition (mentioned alone) could
be achieved in the reduced gravity environment and (2) study the
resulting wave motion of the free-floating liquid.
Reportedly, it became apparent that such an experiment would be
difficult to design. For instance, the experimental apparatus
would have to be constructed such that the water would be truly
free-floating and at the same time be in contact with the drive
mechanism. Further, it would be difficult to insure that the
free-floating water would not break into droplets. Thus, the
Skylab experimental objective was redefined. Instead, the
response of a liquid/gas interface to a pseudo impulse was to be
investigated.
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The experimental apparatus was comprised (in part) of a cylindri-
cal chamber containing (i) dyed water (90% of the volume) and (2)
an air bubble (10% of the volume). An expandable diaphragm was
used to seal the chamber at a pressure of one atmosphere (14.7
psia). A piston (which held the diaphragm in place), was con-
figured with (i) a position retention mechanism, and (2) a piston
release mechanism.
During the experiment, the piston was to be released. Since the
Skylab atmosphere was at a pressure of 5 psia, "This action
[should have] allowed the diaphragm to move, producing a sudden
expansion of the gas bubble and creating waves at the surface of
the water." (4, p. 88) The subsequent liquid/air motion was to
be filmed via a 16 mm movie camera. (Spacecraft maneuvers were
to be suspended during the experiment.)
Reportedly, when the piston was released, no impulse was ob-
served. "The crewman commented that the pressure on the gas and
liquid appeared to have been previously released ....
"The crewman attempted to reset the piston and re-establish the
pressure differential without success. He could then observe
that the diaphragm was damaged. Fluid loss was not evident nor
could a change in size of the gas bubble be detected. The
hardware was not returned for analysis. It can be hypothesized
that the low internal Skylab pressure and elevated temperature
experienced before the first manned period could have caused an
excessive differential pressure across the diaphragm resulting in
its eventual rupture." (i, p. 12-85)
Key Words: Fluid Physics, Contained Fluids, Partially Filled Con-
tainers, Liquid/Gas Interface, Solid/Liquid Interface, Wave
Propagation, Hydrodynamics, Bubbles, Surface Tension, Free Sur-
face, Wetting of Container, Liquid Dynamic Response, Piston Sys-
tem, Gas Pressure, Payload Survivability, Thermal Environment
More Extreme Than Predicted, Hardware Malfunction,
Number of Samples: one
Sample Materials: Liquid wetting agent (water) with dye.
this liquid, an air bubble was inserted.
Container Materials: unknown
Within
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Experiment/Material Applications:
This research has applications related to basic flow examinations
of gas/liquid interfaces, including wave propagation and surface
tension effects.
Although other research applications were not cited in the ap-
plicable literature, the results of this liquid motion experiment
would be of use when studying low-g fluid manipulation. For ex-
ample, in the low-gravity environment, the response of a con-
tained fluid to a disturbance is important, especially where
propulsion systems are involved. If the fluid does free float,
fuel may not be configured at the fuel-line input.
References/Applicable Publications:
(i) "Liquid Motion in Zero Gravity (ED78)." In MSFC Skylab Mis-
sion Report - Saturn Workshop, Skylab Program Office, George C.
Marshall Space Flight Center, Alabama, NASA TM X-64814, October
1974, pp. 12-84 - 12-85. (post-flight)
(2) Chassay R. P. and Schwaniger, A.: Low-G Measurements by NASA.
In Workshop Proceeding of the Measurement and Characterization of
the Acceleration Environment on Board the Space Station, August
11-14, 1986, Guntersville, Alabama, p. 9-1. (acceleration
measurements on Skylab)
(3) "Experiment ED78 - Liquid Motion in Zero Gravity."
Skylab Corollary Experiment Systems Mission Evaluation,
X-64820, September 1974, pp. 6-66 - 6-69. (post-flight)
In MSFC
NASA TM
(4) Skylab, Classroom in Space. Edited by L.B. Summerlin,
SP-410, 1977, pp. 86-89. (post-flight)
NASA
Contact(s):
Brian Dunlap
John Hopkins Applied Physics Laboratory
John Hopkins Road
Laurel, MD 20723
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Principal Investigator(s): Grodzka, P. G. (i), Facemire, B. R.
(2)
Co-Investigator(s): Unknown
Affillatlon(s): (1) During Skylab: Lockheed Missiles and Space
Company, Inc., Huntsville, Alabama, Currently: Faratech, Inc.,
Huntsville, Alabama; (2) National Aeronautics and Space Ad-
ministration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama
Experiment Origin: USA
Mission: Skylab SL-3, Second Skylab Manned Mission
Launch Date/Expt. Date: September 1973 (month experiment was
completed)
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Science Demonstration, Skylab Manned Environment
Processing Facility: Not applicable
Builder of Processing Facility: Not applicable
Experiment:
Water Studies, Physics of a Water Globule
This Skylab SL-3 experiment was conducted after the completion of
the Skylab Ice Melting Experiment (see Otto, Skylab SL-3 (Chapter
15)). The Ice Melting Experiment had left a globule of water at-
tached to a retaining stick. At the suggestion of Dr. P.
Grodzka, the Skylab crew added three substances to the globule of
water.
Initially, a drop of soap solution was added to the surface of
the water globule via a syringe. After the effects of the soap
solution were observed, a small drop of grape juice was added to
the surface. A soap solution/air mixture was then injected
directly into the globule by a syringe.
It was reported that the surface of the globule vigorously
retracted when touched by the soap or grape juice. "Vigorous
fluid motion was seen by bubble and grape color movement for some
moments after the addition of the surface active solutions. <Note
the exact meaning of this sentence is unclear to the editors.>
Astronaut Lousma observed that 'the water leaped out after the
soap" when he approached the water globule with the soap solu-
tion. It was also observed that the globule oscillated or
vibrated. Astronaut Lousma attributed the oscillations to small
air currents." (i, p. 6)
After injection of the soap solution/air mixture into the
globule, small bubbles formed. The astronaut stated that "...it
appeared that the globule wanted to contain so many bubbles;
i.e., at the end additional injections caused bubbles to come out
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of the water, it started spitting." (i, p. 6) It was concluded
that the cluster of air bubbles in the soapy water had achieved a
critical size.
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Fluid Physics, Hydrodynamics, Liquid Mixing, Liquid
Injection, Gas Injection, Liquid Expulsion Through a Small
Orifice, Droplet Creation Via a Syringe, Drops, Drop Oscillation,
Drop Vibration, Droplet Agglomeration, Liquid Dynamic Response,
Bubbles, Bubble Formation, Free Surface, Surface Tension, Foams,
Liquid/Gas Interface
Number of Samples: One water drop, three fluid additions to the
drop
Sample Materials: water, grape juice, soap
container materials: not applicable
Experiment/Material Applications:
No discussion of the material application could be located in the
published literature.
References/Applicable Publications:
(i) Bannister, T. C.: Skylab III and IV Science Demonstrations
Preliminary Report. NASA TM X-64835, March 1974, p. 6. (post-
flight)
(2) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of the Measurement and Charac-
terization of the Acceleration Environment on Board the Space
Station, August 11-14, 1986, Guntersville, Alabama, p. 9-1.
(acceleration measurements on Skylab)
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Contact(s):
Philomena G. Grodzka
Faratech, Inc.
526 Clearmont Dr., SE
Huntsville, AL 35801
Barbara Facemire
ES76
NASA Marshall Space Flight Center, AL 35812
12-29
Principal Investigator(s): Carruthers, J. (i)
Co-Investigator(s): Bannister, T. (2)
Affiliation(s): (1) During Skylab: Bell Laboratories, Murray
Hill, New Jersey, Currently: INTEL, Santa Clara, California; (2)
During Skylab: National Aeronautics and Space Administration
(NASA), Marshall Space Flight Center (MSFC), Huntsville, Alabama,
Currently: Boeing Aerospace, Huntsville, Alabama
Experiment Origin: USA
Mission: Skylab, SL-4, Third Skylab Manned Mission
Launch Date/Expt. Date: The experiment runs were completed during
November 1973.
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Science Demonstration, Skylab Manned Environment
Processing Facility: Makeshift Floating Zone Apparatus
Builder of Processing Facility: Astronaut Gibson
Experiment:
Liquid Floatinq Zone (SD20 (TVI01))
The objective of this Skylab demonstration was to study the
dynamic behavior of a column of liquid suspended between two
aluminum discs. Such columns of liquid (better known as liquid
bridges) are used to model the containerless float zone
solidification geometry.
During the third manned Skylab mission, the make-shift liquid
bridge apparatus was constructed using onboard equipment. Two
socket wrench extension rods were configured in parallel such
that a small gap existed between the two rods. At the ends of
the rods forming the gap, circular aluminum discs were attached.
"The front surfaces of the discs were coated with grey tape which
had been previously treated by immersion in acetone so as to
reduce the contact angle with water. During the course of the
experiments, the outer edges of the discs were coated with Krytox
oil to prevent capillary wetting of water in that region." (i,
p. 843). The rods were mounted in camera mounts such that the
assembly was free to rotate smoothly.
"Rotation of the zones was performed manually by first winding...
twine around the socket wrench and then withdrawing it at a
uniform rate." (I, p. 843) Liquid bridges were created by (i)
deploying a volume of fluid from a syringe on to each aluminum
disc, (2) moving the discs close together to create one liquid
volume, and (3) separating the discs to suspend the liquid into
the desired column length. During 26 separate zone investiga-
tions, several water-based bridges were successfully formed, as
bridge length, rotational direction, and bridge fluid were
varied. Fluid additives such as rope particles aided internal
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fluid motion observance, while liquid soap was used to vary sur-
face tension and viscosity. Video taping of most of these inves-
tigations was successfully achieved. Among the several observa-
tions of interest was the creation of a long, static, stable, un-
duloid bridge which exceeded the theoretical length limit for a
right circular cylinder. When the liquid bridge was subjected to
"...longitudinal vibrations of the end discs.., standing waves
occurred when the disc oscillation frequency coincided with a
resonant frequency of the surface.
"When standing waves were produced, there was no transfer of liq-
uid from one wave region to another inside the zone." (i, pp.
847-848) Rotation of the zone also resulted in some interesting
observations. "For sequences involving the single rotation of
only one bounding disc, the zone assumed an axisymmetric bottle
shaped deformation possessing stability limits in general agree-
ment with theory. For sequences involving equal rotation rates
of both bounding discs, the zone becomes deformed in a non-
axisymmetric fashion resembling a turning skipping rope [or C-
mode] when the zone lengths exceed some value in the vicinity
of... [(2/3) (pi)R]. Short zone lengths do not generally develop
the rotating C-mode but do demonstrate capillary wave resonances
presumably arising from nonparallel disc alignment." (2, p. 6)
Key Words: Fluid Physics, Liquid Columns, Liquid Bridges, Liquid
Bridge Stability, Liquid Dynamic Response, Liquid Column Rupture,
Hydrodynamics, Liquid Vibration, Axial Oscillations, Oscillation
Frequency, Resonant Frequency, Standing Waves, Rotating Fluids,
Sample Rotation, Liquid Expulsion Through a Small Orifice,
Solid/Liquid Interface, Liquid/Gas Interface, Free Surface, Sur-
face Tension, Viscosity, Wetting, Contact Angle, Capillary
Forces, Hydrostatic Pressure, Coated Surfaces, Containerless
Processing Applications, Tracer Particles
Number of Samples: A total of 26 experimental runs were realized.
Sample Materials: Most of the zones were water based. Addi-
tives such as rope particles and soap were used for some runs.
Soap solution and soap foam liquid bridges were also formed.
Container Materials: not applicable
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Experiment/Material Applicationsz
These liquid bridge experiments demonstrated some of the fluid
dynamic characteristics of reduced gravity bridge formation and
rotation. Such bridge formation and rotation characteristics are
of interest for floating zone crystal growth. Float zone
materials processing is a popular method of growing semiconductor
crystals in industry. However, the maximum length of the zone in
1-g is limited by the balance of hydrostatic pressure with the
liquid surface tension.
References/Appllcable Publications:
(i) Carruthers, J. R.: Studies of Liquid Floating Zones in SL-IV,
the Third Skylab Mission. In Marshall Space Flight Center
Proceedings of the Third Space Processing Symposium on Skylab
Results, Vol. 2, June 1974, pp. 837-856. (post-flight)
(2) Carruthers, J. R., Gibson, E. G., Klett, M. G., and Facemire,
B. : Studies of Rotating Liquid Floating Zones on Skylab IV.
American Institute of Aeronautics and Astronautics, 10th Ther-
mophysics Conference, Denver, Colorado, May 27-29, 1975, AIAA
Paper #75-692, 8 pp.
(3) Chassay, R. P. and Schwaniger, A.: Low G Measurements at
NASA. In Workshop Proceedings of the Measurement and Charac-
terization of the Acceleration Environment on Board the Space
Station, August 11-14, 1986, Guntersville, Alabama, p. 9-1.
(acceleration measurements on Skylab)
(4) TVl01-Liquid Floating Zone. In MSFC Skylab Corollary Experi-
ment Systems Mission Evaluation, NASA TM X-64820, September
1974, pp. 7-4 - 7-10. (post-flight)
(5) Naumann, R. J. and Herring, H. W.: Experiment TV101, Liquid
Floating Zone. In Materials and Processing in Space: Early Ex-
periments, NASA SP-443, 1980, pp. 79-81. (post-flight)
(6) Bannister, T. C.: Science Demonstrations on Skylab in the
Material Processing Area. In Proceedings of the Third Space
Processing Symposium on Skylab Results, April 30-May i, 1974,
Marshall Space Flight Center, Huntsville, Alabama, Vol. i, June
1974, pp. 491-505. (post-flight)
(7) Bannister, T. C.: Skylab III and IV Science Demonstrations.
NASA TM X-64835, March 1974, pp. 6-8. (post-flight)
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(8) Naumann, R. J. and Mason, E. D.: Liquid Floating Zone. In
Summaries of Early Materials Processing in Space Experiments,
NASA TM-78240, August 1979, pp. 40-41. (post-flight)
(9) Liquid Floating Zone (SD20-TVI01). In MSFC Skylab Mission
Report-Saturn Workshop, NASA TM X-64814, October 1974, pp. 12-89
- 12-90.
(I0) Input received from Principal Investigator John Carruthers,
June 1993.
Contaot(s)_
John Carruthers
INTEL
2250 Mission College Blvd.
Mail Stop SCI-02
P.O. Box 58125
Santa Clara, CA 95052-8125
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Principal Investigator(s): Darbro, W. (i)
Co-Investigator(s): None
Affiliation(s): (1) National Aeronautics and Space Administration
(NASA), Marshall Space Flight Center (MSFC), Huntsville, Alabama
Experiment Origin: USA
Mission: Skylab, SL-4, Third Skylab Manned Mission
Launch Date/Expt. Date: January 1974 (month experiment was
performed)
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Science Demonstration
Skylab Manned Environment
Processing Facility: Two- and three-dimensional wire shapes which
supported liquid films; syringe; water and soap solutions
Builder of Processing Facility: Skylab Astronaut, Commander Carr
Experiment:
Liquid Films (SD22 (TVI03))
On Earth, the rupture of liquid films is primarily dependent on
(I) gravity-induced fluid flow drainage and (2) gravity-
independent surface tension fluid characteristics. During this
Skylab-4 science demonstration, the effect of reduced gravity on
the formation and rupture of liquid films was investigated.
During the mission, a Skylab crewman (Commander Cart) fashioned
the following two-dimensional and three-dimensional film-
confining frames from safety wire: (i) an expandable loop, (2) an
expandable rectangle, (3) a 1-inch-diameter hoop, (4) an equi-
lateral tetrahedron, and (5) a three-dimensional cube.
Expandable Loop/Rectangle Experiments
Two different types of films (composed of (I) plain water and (2)
soap solution) were formed on the expandable loop and rectangle
by (i) delivering a globule of liquid via a syringe onto the
frame and (2) expanding the frame until a thin film stretched
across the wire boundaries. The following was reported:
(a) One-ml of water placed on the expandable loop was stretched
to 7 cm diameter during the Skylab investigation. On Earth,
similar water films could not be produced by this method.
(b) One-ml of the soap solution placed on the expandable'loop was
stretched to approximately 15 cm diameter during the Skylab in-
vestigation. On Earth, similar soap expansion diameters were
produced.
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(c) A i/8-ml soap solution placed on the expandable rectangle was
stretched to a 2 cm by 20 cm rectangle during the Skylab inves-
tigation. On Earth, soap films with similar areas as this one
could be obtained.
Films on the Other Wire Frames
Prior to forming films with the 1-inch-diameter hoop, equilateral
tetrahedron and three-dimensional cube, the wire frames were
secured in the weightless environment to a piece of adhesive
tape. At the initiation of the experiment, the hoop frame was
removed from the tape, immersed into a container holding soap
solution, withdrawn from the solution, and restuck to the tape.
(Shaking the liquid from the frame into the container resulted in
thinner and thinner films.)
During the next step of the experiment, the tetrahedron frame was
removed from the tape. This action disturbed the hoop-shaped
film which had not yet ruptured. Nevertheless, the reduced
gravity hoop film was maintained for 1.5 minutes. (A similar
Earth film would probably not have lasted for over a minute.)
The tetrahedron film was formed in the same manner as the hoop
(immersing the frame and then drawing the frame from the liquid).
The tetrahedron film was described by the crewman "...as having
films on all four faces. Although the video tape picture...
[was] not clear enough to be certain, it... [was] assumed that
this comment was unintentional since it is mathematically impos-
sible." (i, p. i0)
The cube was immersed and withdrawn from the soap solution
several different times during the Skylab experiment and various
film configurations resulted. Although one lasted approximately
5 seconds, the others were on the order of one minute. (Similar
Earth-created films have a lifetime of only a few seconds.) "Of
the many "stable" [Skylab] film configurations, the one first
formed for the cube was one having a smaller cube in the center
held in position by films extending from the wire cube. Having a
rather high surface tension, this minimal surface ruptured
quickly, taking on one configuration after another until finally
all the liquid was concentrated in one film on one face." (6, p.
14)
It was concluded that some of the films created in the low-
gravity environment had longer times-to-rupture. Thus, enhanced
solidification of films attached to boundaries might be feasible
in the space environment.
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Key Words: Fluid Physics, Liquid Films, Liquid Film Rupture, Thin
Films, Surface Tension, Free Surface, Fluid Drainage, Liquid/Gas
Interface, Solid/Liquid Interface, Liquid Transfer, Liquid Expul-
sion Through a Small Orifice, Photographic Difficulties
Number of Samples: Five wire frames were fashioned from Skylab
safety wire. However, it is not clear how many times each of
these frames was employed to produce a film.
Sample Materials: (i) plain water and (2) 40 parts water, 1 part
Skylab liquid shower soap (Miranol Jem concentrate).
Container Materials: not applicable
Experiment/Material Applications:
Reportedly, the creation and solidification of stable liquid
films in the reduced gravity environment may eventually lead to
(1) new semiconductor materials or (2) new foamed materials.
References/Applicable Publications:
(i) Darbro, W.: Liquid Film Demonstration Experiment Skylab SL-4.
NASA TM-X-64911, January 1975, 28 pp. (post-flight)
(2) Darbro, W.: An Example of Branching in a Variational
Problem--Shape of Liquid Suspended From Wire in Zero Gravity. In
American Journal of Physics, Vol. 46, November 1978, pp. 1183-
1184. (post-flight)
(3) Chassay, R. P. and Schwaniger, A.: Low G Measurements at
NASA. In Workshop Proceedings of the Measurement and Charac-
terization of the Acceleration Environment on Board the Space
Station, August 11-14, 1986, Guntersville, Alabama p. 9-1.
(acceleration measurements on Skylab)
(4) Naumann, R. J. and Herring, H. W.: Experiment TVI03, Liquid
Films. In Materials Processing in Space: Early Experiments, NASA
SP-443, 1980, p. 83. (post-flight)
(5) TVI03- Liquid Films. In MSFC Skylab Corollary Experiments
System Mission Evaluation, NASA TM X-64820, September 1974, pp.
7-14 - 7-17. (post-flight)
(6) Bannister, T. C.: Skylab III and IV Science Demonstrations
Preliminary Report. NASA TM X-64835, March 1974, pp. 13-15.
(post-flight)
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(7) Naumann, R. J. and Mason, E. D.: Liquid Films. In Summaries
of Early Materials Processing in Space Experiments, NASA TM-
78240, August 1979, p. 43. (post-flight)
(8) Liquid Films (SD22-TV103). In MSFC Skylab Mission Report-
Saturn Workshop, NASA TM X-64814, October 1974, p. 12-90. (post-
flight)
(9) Input received from Principal Investigator W. Darbro, 1988.
Contact(s):
Wesley A. Darbro
ES93
NASA Marshall Space Flight Center, AL 35812
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Principal InvestigatorCs): Hibbs, A. R. (1)
Co-Investigator(s): Garriott, O. (2)
AffiliationCs): (1) During Skylab: Jet Propulsion Laboratory,
Pasadena, California, Currently: Retired; (2) During Skylab: Na-
tional Aeronautics and Space Administration (NASA), Johnson Space
Center, Houston, Texas, Currently: Teledyne Brown Engineering,
Huntsville, Alabama
Experiment Origin: USA
Mission: Skylab, SL-4, Third Skylab Manned Mission
Launch Date/Expt. Date: The SL-4 mission took place during Novem-
ber 1973-February 1974. This experiment was not performed because
of insufficient crew time.
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Science Demonstration, Skylab Manned Environment
Processing Facility: Transparent container with water and seltzer
tablet
Builder of Processing Facility: Not Applicable
Experiment:
Effervescence (SDI8 TVlI3)
The objectives of this Skylab SL-4 experiment were to (i) observe
low-gravity bubble formation during an effervescent reaction and
(2) determine if the reaction is self-quenching as the bubble
grows.
During the mission, a member of the Skylab crew was to (I) fill a
transparent container with water, (2) insert an Alka-Seltzer
tablet into the water, and (3) observe and film the reaction
using a TV camera.
It was reported that the experiment was not performed because of
insufficient crew time.
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Fluid Physics, Effervescence, Bubbles, Bubble Forma-
tion, Liquid/Liquid Interface, Liquid Transfer, Contained Fluids,
Solid/Liquid Interface, Reaction Kinetics, Flammability, Sample
Not Processed As Planned
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Number of Samples: One experiment was planned.
Sample Materials: water, Alka-Seltzer tablets
Container Materials: transparent container (specific material
unspecified)
Experiment/Material Applications:
This experiment had research applications in the area of reduced-
gravity flammability studies.
References/Applicable Publications:
(i) TVII3 - Effervescence. In MSFC Skylab Corollary Experiment
Systems Mission Evaluation, NASA TM X-64820, September 1971, pp.
7-45.
(2) Effervescence. In MSFC Skylab Mission Report-Saturn
Workshop, NASA TM X-64814, October 1974, pp. 12-88 - 12-89.
(3) Input received from Principal Investigator A. R. Hibbs, June
1993.
Contact(s):
Dr. Albert Hibbs
No Work Address Available (Retired)
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Principal Investigator(s): Oran, W. A. (1), Kroes, R. L. (2)
Co-Investigator(s): None
Affiliation(s): (1) During Skylab: National Aeronautics and
Space Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: Unknown; (2) NASA Marshall Space
Flight Center (MSFC), Huntsville, Alabama
Experiment Origin: USA
Mission: Skylab, SL-4, Third Skylab Manned Mission
Launch Date/Expt. Date: The SL-4 mission took place during Novem-
ber 1973-February 1974. However, this experiment was not per-
formed because of insufficient crew time.
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Science Demonstration, Skylab Manned Environment
Processing Facility: Wire frames to which water, soap solutions
or molten soap was to be applied to simulate the formation of
lenses.
Builder of Processing Facility: Not Applicable. The wire frames
were to be fashioned by a crewman on orbit.
Experiments
Lens Formation (TVl16) (SD23)
When a lens is created from a liquid in a reduced gravity en-
vironment, its shape should be dictated primarily by surface ten-
sion forces. The objective of this Skylab SL-4 experiment was to
demonstrate the formation of such surface-tension shape-dependent
lenses.
The lenses were to be formed on wire loops (of varying sizes)
which had been fashioned from on-board safety wire. Although
descriptions in References (i) and (2) were not clear, it appears
that three different lens fluids were to be used: (i) pure
water, (2) soap solutions, and (3) melted bar soap.
A discussion of how the water or soap solution was to be applied
to the wire loop was not detailed. However, once the water or
soap solution lens had been formed, (i) its shape was to be docu-
mented via an edge-view photograph and (2) its optical
properties (such as focal length) were to be documented via
photographs taken through the lens.
For the bar soap lens, 1 cubic inch of solid bar soap was to be
melted in the Skylab food tray. Then, a 1-inch-diameter wire
loop was to be dipped into the molten soap. It was expected that
the (approximately) 1/2 inch thick soap lens would harden when
cooled and could be preserved for post-mission analysis. If time
permitted, the crewman was to observe the optical properties of a
water prism confined within an appropriate wire frame.
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It was reported that none of these lens formation experiments
were performed on SL-4 because of insufficient crew time.
Key Words: Fluid Physics, Lens Formation, Liquid Films, Thin
Films, Fluid Drainage, Surface Tension, Free Surface, Meniscus
Shape, Solid/Liquid Interface, Liquid/Gas Interface, Optical
Characterization, Sample Not Processed As Planned
Number of Samples: The number of expected samples was not
detailed.
Sample Materials: water, soap solutions, melted bar soap
Container Materials: safety wire
Experiment/Material Applications:
The specific applications of this low-gravity research were not
detailed in the available publications. However, it is suspected
that the research may be applicable to superior lens formation
endeavors.
References/Applicable Publications:
(i) TVll6-Lens Formation. In MSFC Skylab Corollary Experiment
Systems Mission Evaluation, NASA TM X-64820, September 1974, pp.
7-50.
(2) Lens Formation (SD23-TVII6). In MSFC Skylab Mission Report-
Saturn Workshop, NASA TM X-64814, August 1974, pp. 12-90 - 12-91.
(3) Input received from Principal Investigator R. Kroes, May 1991
and August 1993.
Contact(s):
Dr. Roger Kroes
ES76
NASA Marshall Space Flight Center, AL 35812
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Principal Investigator(s): Vaughan, O. (1)
Co-Investigator(s): None
Affiliation(s): (1) National Aeronautics and Space Administration
(NASA), Marshall Space Flight Center (MSFC), Huntsville, Alabama
Experiment Origin: USA
Mission: Skylab, SL-4, Third Skylab Manned Mission
Launch Date/Expt. Date: November 1973-February 1974
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Science Demonstration, Skylab Manned Environment
Processing Facility: Large hypodermic syringe (The Ml13
electrolyte dispenser) mounted in a portable vise.
Builder of Processing Facility: Not Applicable. The experiment
employed onboard materials as makeshift test beds.
Experiment:
Cloud Formation (TVII8-SD29)
"Terrestrial expansion chambers, for the study of submicron (0.i
to .i_) nuclei, rely on the assumption that the most active
nuclei introduced into the chamber grow at the same rate so that
after a finite length of time the spheres of water that are
formed can be photographed. However, some nuclei are not as ac-
tive as others and due to gravitational fallout effects they do
not have enough time to grow to spheres of water which can be
photographed.
"Since the time of observation is limited in the terrestrial ex-
pansion cloud chamber due to the gravitational fallout effects
and other effects due to convection (wall effects), the use of an
expansion cloud chamber in zero-gravity allows the researcher to
examine in more detail the life cycle and dynamics of all the
nuclei introduced into the chamber." (7, p. 5)
This Skylab SL-4 cloud formation experiment was designed to study
the history and dynamics of an expansion cloud.
A large hypodermic syringe containing a small amount of water was
employed for the investigation. During the mission, a sample of
cabin air was drawn into the syringe and compressed with the
syringe plunger. A few seconds later, (after the gas had reached
thermal equilibrium) the syringe was depressurized by releasing
the plunger. In this moist environment, water drop creation, mo-
tion, coalescence, and lifetime were to be observed.
During similar (typical) terrestrial reference experiments, drops
were formed in an expansion chamber on nuclei present in the air
after the air sample was depressurized (as discussed above).
These water droplets were then detected by a light directed into
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the chamber at 120 degrees from the observer's position.
During the Skylab experiments, droplets were observed on the
Skylab syringe chamber walls, but a cloud was not detected.
Reportedly, although data were to be collected using a 16 mm
camera, no data were recorded because the cloud was not observed.
During the Skylab mission debriefing, astronauts reported that
(i) they attempted to form a cloud by expansion approximately 50
times (but were unsuccessful) and (2) the tests were performed
with both a dry and wet syringe chamber.
It was speculated that a cloud was not observed in the chamber
because (i) there were too few particles in the cabin air to
serve as nuclei for droplets, or (2) insufficient backlighting of
the syringe did not allow visibility of the droplets.
Because Skylab also had onboard Experiment T003, the In-Flight
Aerosol Analysis Experiment, it was possible to further speculate
if the cloud was not observed because there were too few par-
ticles in the air acting as nuclei. Reportedly, the objective of
Aerosol Analysis Experiment was to measure the Skylab "...aerosol
particulate matter concentration and distribution during the...
mission as a function of time and location; and return the col-
lected aerosol particles and the logged data for postflight
analysis." (i, p. 4-29) <Note: Further details of the Aerosol
Analysis Experiment are not contained in this data base as it was
not considered a fluids or materials processing experiment.>
In conjunction with this Aerosol Analysis Experiment, the
astronauts reported that the Skylab atmospheric environment
aerosol particle counts were low each time they took a reading.
The T003 Principal Investigator reported that the experiment
"...only sampled particles in three size ranges: i_ to 3_, 3_ to
9_, and 9_ to i00_, an9 that in the i_ to 3_ range he recorded
only 4,000 particles/ft --- these being human skin flakes. Since
human skin flakes are not hydroscopic, they are not a good nuclei
source; however, since there were no instruments to measure the
submicron size particles on-board, we cannot say that they were
not in the cabin air. Since the Skylab 4 environmental control
system relied on a wet wick cold plate unit and other units for
humidity and temperature control, it is possible that many par-
ticles were caught by these systems. Since data from T003 indi-
cated that the spacecraft environment was classified equivalent
to a i0,000 class clean room, it was decided to try the
demonstration [on Earth] in a much cleaner environment than the
spacecraft (4,000 class clean room operating at 37% RH) to see if
a cloud could be formed under these conditions." (7, p. 6)
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During the terrestrial demonstration a cloud formed, although it
was difficult to see even when a bright light source was employed
(a microscope illuminator). (The Skylab experiments did not have
such a bright light source.)
Thus, while it was not clear why the cloud was not observed in
the chamber, insufficient atmospheric particles as nuclei and/or
insufficient backlighting of the chamber were thought to be the
source(s) of the difficulty.
Key Words: Fluid Physics, Atmospheric Applications, Clouds, Ex-
pansion Cloud, Drops, Drop Formation, Nucleation, Drop Coales-
cence, Droplet Dispersion, Particle Motion, Particle Growth, Con-
vection, Gas Pressure, Contained Fluids, Wall Effect, Thermal
Equilibrium, Liquid/Vapor Interface, Piston System, Atmospheric
Applications, Illumination Difficulties
Number of Samples: Unclear. It appears there was one experimen-
tal setup. The experiment was attempted over 50 times.
Sample Materials: air and water
Contalner Materials: transparent, glass hypodermic syringe
Experiment/Materlal Applications:
This atmospheric cloud physics experiment was designed to
demonstrate the formation of cloud water drops in low gravity.
Subsequent motion of the particles due to thermal gradients was
also of interest. (See the above experiment summary for more in-
formation.)
References/Applicable Publications:
(i) TVll8-Cloud Formation. In MSFC Skylab Corollary Experiment
Systems Mission Evaluation, NASA TM X-64820, pp. 7-57 - 7-59 and
pp. 4-29 - 4-39, September 1974. (post-flight)
(2) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of the Measurement and Charac-
terization of the Acceleration Environment on Board the Space
Station, August 11-14, 1986, Guntersville, Alabama, p. 9-1.
(acceleration measurements)
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(3) Vaughan, O. H. and Hill, C. K.: Drop Coalescence in Zero-
Gravity Environment of Skylab IV. American Meteorological
Society, Bulletin, Vol. 55, September 1974, pp. 1127-1130.
(post-flight)
(4) Hung, R. J., Vaughan, O. H., and Smith R. E.: A Zero-Gravity
Demonstration of the Collision and Coalescence of Water Droplets.
In American Institute of Aeronautics and Astronautics and
American Geophysical Union Conference on Specific Experiments of
Skylab, Huntsville, Alabama, October 30-November i, 1974, AIAA
Paper #74-1256, 8 pp. (post-flight)
(5) Cloud Formation (SD29-TVlIS). In MSFC Skylab Mission Report-
Saturn Workshop, NASA TM X-64814, October 1974, pp. 12-91 - 12-
92. (post-flight)
(6) Input received from Principal Investigator O. Vaughan, August
1989, 1990, and 1993.
(7) Quick Look Report for Science Demonstrations Performed During
the Skylab 4 Mission: (I) TV-107 Fluid Mechanics/Coalescence;
(II) TV-II8 Cloud Formation. March 22, 1974, 6 pp. (post-flight,
supplied from Principal Investigator to C. Winter, 5/93)
Contact(s):
O. H. Vaughan
ES41
NASA Marshall Space Flight Center, AL 35812
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Principal Investigator(s): Vaughan, O. (I), Facemire, B. (2),
Bourgeois, S. V. (3), Frost, R. T. (4)
Co-Investigator(s): Dunlap, B. (5)
Affiliation(s): (1,2) National Aeronautics and Space Administra-
tion (NASA), Marshall Space Flight Center (MSFC), Huntsville,
Alabama; (3) Lockheed Missiles and Space Company, Huntsville,
Alabama; (4) General Electric, Valley Forge, Pennsylvania; (5)
During Skylab: Fitch High School, Austintown, Ohio, Currently:
Johns Hopkins Applied Physics Laboratory, Laurel, Maryland
Experiment Origin: USA
Mission: Skylab, SL-4, Third Skylab Manned Mission
Launch Date/Expt. Date: November 1973-February 1974
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Science Demonstration (an extension of Dunlap's
Student Experiment Performed on SL-3 (see this chapter)), Skylab
Manned Environment
Processing Facility: The series of experiments employed (1) on-
board medical-type syringes, (2) drinking straws, (3) the teflon
coated flat surface of a spider cage, and (4) other associated
items.
Builder of Processing Facility: Not applicable. Experiments
employed onboard equipment as make-shift experimental testbeds.
Experiment:
Water Drop and Fluid Mechanic Series (SD9 Part 1,2) (TV 107)
Oscillation, Rotation, Collision, Grazinq and Coalescence of
Water Droplets
"One of the most interesting phenomena of fluids which can be
studied in zero-gravity is the various modes of oscillations, and
other phenomena which a fluid will exhibit when perturbed. In
spite of research efforts in cloud physics covering a span of 25
years, much remains to be learned of raindrop collision, oscilla-
tion, and breakup. Data from field surveys show that beyond a
rainfall intensity of about 100 mm/hr the median raindrop size
does not increase, but remains constant or even decreases
slightly. This curious behaviour has not been explained, but is
probably determined by the oscillations leading to drop breakup.
Nearly all the work in the behaviour of large drops has been done
in vertical wind tunnels and the drops in free-fall have been
supported by a stream of air equal to the fall speed of the drop.
The use of the zero-gravity environment can give the earth-based
researcher an opportunity to study drop dynamics that are con-
trolled only by surface tension and drop inertia effects. The
use of zero-gravity also allows the researcher to study the con-
version of kinetic energy of impact into the kinetic energy of a
capillary wave which will travel over the outer surface of the
drop and produce a satellite drop or drops." (12, p. 2)
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This Skylab SL-4 experiment consisted of several investigations
designed to observe various oscillation modes of water drops.
Free oscillation of a water droplet was achieved by suspending
the free-floating drop between two soda straws, and then plucking
the straws outward from the water. Oscillation modes (deforming
the drop transversely, then longitudinally) were observed. Sub-
sequent decay of the motion caused by internal damping was noted
as the droplet returned to its original shape.
Oscillation modes of a water droplet attached to a flat teflon
surface were achieved by inserting a drinking straw into the cen-
ter of the drop and pulling upward. The various modes of oscilla-
tion were observed.
Forced rotation of free droplets was studied by first suspending
a free floating drop, and then with a string, repeatedly skimming
the water surface in a circular motion. The hiqh rotational
speed produced unstable oscillations which resulted'in "dog bone"
or "dumb bell" type shapes that eventually divided into two
separate drops.
The collision and coalescence of drops was demonstrated by hold-
ing a free drop stationary and ejecting a second drop toward it.
The drops (one of which was colored red and the other colored
black) experienced some mixing after coalescence. The drops
bounced apart rather than coalesced if the ejection velocity was
not high enough or if there was a like electrical charge on the
drops. One drop ejected toward a second drop with the intent to
barely graze the stationary drop, resulted in capture of the
moving drop and subsequent mixing.
Many other investigations are described in Reference (3) (listed
below).
Reportedly, (i) approximately 172,500 frames of 16 mm film were
exposed showing droplet motion during these Skylab investigations
and (2) most of the film was of excellent quality. Discussion of
the Skylab results as they apply to the theory related to the os-
cillation of free floating liquid droplets is provided in
Reference (5). Discussion of the results as they apply to theory
related to the collision and coalescence of water droplets is
provided in Reference (9).
Additional information concerning these experiments can be found
in several of the references below.
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Key Words: Fluid Physics, Drops, Drop Dynamics, Hydrodynamics,
Drop Oscillation, Drop Rotation, Fluid Oscillation, Oscillation
Modes, Rotating Fluids, Liquid Dynamic Response, Fluid Motion
Damping, Capillary Waves, Droplet Collision, Surface Tension,
Free Surface, Surface Charge, Drop Coalescence, Liquid Mixing,
Droplet Creation Via a Syringe, Liquid Expulsion Through a Small
Orifice, Coated Surfaces, Atmospheric Applications, Liquid/Gas
Interface
Number of Samples: The exact number of investigations is unclear.
Sample Materials: Water colored with grape drink, strawberry
drink, and/or marker pen ink
Container Materials: not applicable
Experiment/Material Applications:
Drop dynamics investigations are important for many scientific
fields including atmospheric microphysics, nuclear physics,
astrophysics, fluid mechanics, etc. These investigations lend
insight to the study of nuclear deformation energy surfaces,
microphysical droplet-droplet interactions, etc. (See the ex-
periment summary above for more information.)
Referenoes/Appllcable Publications:
(i) Vaughan, O. H.: Skylab Fluid Mechanics Simulations: Oscilla-
tion, Rotation, Collision, and Coalescence of Water Droplets Un-
der Low-Gravity Environment. In the 8th Conference on Space
Simulation, 1975, pp. 563-574 (See N76-II113 02-09). (post-
flight)
(2) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of the Measurement and Charac-
terization of the Acceleration Environment on Board the Space
Station, August 11-14, 1986, Guntersville, Alabama, p. 9-1.
(acceleration measurements)
(3) TVI07-Fluid Mechanic Series. In MSFC Skylab Corollary Ex-
periment Systems Mission Evaluation, NASA TM X-64820, September
1974, pp. 7-28 - 7-33. (post-flight)
(4) Bannister, T. C.: Skylab III and IV Science Demonstrations
Preliminary Report. NASA TM X-64835, March 1974, p. 20. (post-
flight, short summary)
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(5) Vaughan, O. H., Smith, R. E., Hung, R. J., and Wu, S. T.: An
Analysis of Oscillations of a Water Droplet Under Low Gravity
Conditions. Presented at the JPL Conference "International Col-
loquium on Drops and Bubbles-Their Science and the Systems They
Model," August 28-30, 1974, JPL and California Institute of Tech-
nology, Pasadena, California, p. 12. (post-flight)
(6) Vaughan, O. H. and Hill, C. K.: Drop Coalescence in Zero-
gravity Environment of Skylab IV. Bulletin American Meteorologi-
cal Society, Vol. 55, No. 9, September 1974, pp. 1127-1130.
(post-flight)
(7) Naumann, R. J. and Mason, E. D.: Fluid Mechanics. In Sum-
maries of Early Materials Processing in Space Experiments, NASA
TM-78240, August 1979, pp. 46-47. (post-flight)
(8) Gibson, E. F.: Skylab Fluid Mechanics Demonstration. Inter-
national Colloquium on Drops and Bubbles, California Institute of
Technology, Pasadena, California, August 28-30, 1974.
(9) Hung, R. J., Vaughan, O. H., and Smith, R. E.: A Zero-Gravity
Demonstration of the Collision and Coalescence of Water Droplets.
AIAA Paper #74-1256, 1974.
(i0) Bannister, T. C. and Bourgeois, S. V.: Liquid Drop Behavior
in Weightlessness from Skylab. International Colloquium on Drops
and Bubbles, California Institute of Technology, Pasadena,
California, August 28-30, 1974.
(Ii) Input received from Principal Investigator O. Vaughan,
August 1989, 1990, and 1993.
(12) Quick Look Report for Science Demonstrations Performed
During the Skylab 4 Mission: (i) TV-107 Fluid Mechanics and
Coalescence; (II) TV-II8 Cloud Formation. March 22, 1974, 6 pp.
(post-flight, supplied from Principal Investigator to C. Winter,
May 1993)
Contact(s):
O.H. Vaughan
ES41
NASA Marshall Space Flight Center, AL 35812
Barbara Facemire
ES76
NASA Marshall Space Flight Center, AL 35812
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Principal Investlgator(s): Vaughan, O. (1), Wang, T. G. (2)
Co-Investigator(s): None
Affiliation(s): (1) National Aeronautics and Space Administration
(NASA), Marshall Space Flight Center (MSFC), Huntsville, Alabama;
(2) During Skylab: Jet Propulsion Laboratory (JPL), Pasadena,
California, Currently: Vanderbilt University, Nashville, Ten-
nessee
Experiment Origin: USA
Mission: Skylab, SL-4, Third Skylab Manned Mission
Launch Date/Expt. Date: Although the SL-4 mission took place
during November 1973-February 1974, this experiment was not per-
formed because of insufficient crew time.
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Science Demonstration, Skylab Manned Environment
Processing Facility: Taped high frequency signal aimed at
reflecting surface
Builder of Processing Facillty: Not applicable. Experiments
employed onboard equipment as makeshift test beds.
Experiment:
Acoustic Positioninq (SD24 (TVII4))
This Skylab SL-4 experiment was designed to position and control
water drops using sound wave acoustic pressure. The experiment
setup consisted of (i) a tape recorder, (2) a speaker, (3) a
reflecting surface, and (4) a water-filled hypodermic syringe.
Two tones (2000 and 3000 Hz) were recorded on tape prior to the
flight. During the experiment, the tones were to be radiated
through the speaker toward the reflecting surface. The combina-
tion of the radiated tones and the subsequent reflection was ex-
pected to produce an acoustical standing wave about 6 inches from
the tape recorder and/or reflector. Water drops were to be
placed at this standing wave location using the hypodermic
syringe.
It was anticipated that the drops would move to an antinodal
point and coalesce into a large globule. Water drop manipulation
as a function of sound energy was to be examined. A 16 mm camera
was available to film the event.
Reportedly, the experiment was not completed because of insuffi-
cient crew time.
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Key Words: Fluid Physics, Acoustic Positioning, Acoustic Levita-
tion, Standing Waves, Drops, Droplet Creation Via a Syringe, Liq-
uid Expulsion Through a Small Orifice, Drop Coalescence, Drop
Stability, Containerless Processing Applications, Liquid/Gas In-
terface, Sample Not Processed as Planned
Number of Samples: not applicable
Sample Materials: water drops
Container Materials: not applicable
Experlment/Material Applications:
These investigations sought to demonstrate that drops could be
acoustically controlled or positioned for study. Such study is
more complicated to achieve on Earth because high acoustic levels
must be employed. In the space environment, a much lower acous-
tic level is required to manipulate the drop. The experiments
also pertained to containerless handling of space fluids (a first
step toward crucible-free space processing).
References/Applicable Publications:
(1) TVll4-Acoustic Positioning. In MSFC Corollary Experiment
Systems Mission Evaluation, NASA TM X-64820, September 1974, pp.
7-46. (post-flight)
(2) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of the Measurement and Charac-
terization of the Acceleration Environment on Board the Space
Station, August 11-14, 1986, Guntersville, Alabama, p. 9-1.
(acceleration measurements on Skylab)
(3) Acoustic Positioning (SD24-TV114). In MSFC Skylab Mission
Report-Saturn Workshop, NASA TM X-64814, October 1974, p. 12-91.
(post-flight)
(4) Input received from Principal Investigator O. Vaughan, August
1989, 1990, and 1993.
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Contact(s):
O. H. Vaughan
ES41
NASA Marshall Space Flight Center, AL
Dr. Taylor G. Wang
Box 6079 Station B
Nashville, TN 37235
35812
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Principal Investigator(s): Bourgeois, S. V. (1)
Co-Investigator(s): Bannister, T. C. (2)
Affiliation(s): (1) Lockheed Missiles and Space Company, Inc.,
Huntsville, Alabama; (2) During ASTP: National Aeronautics and
Space Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: Boeing Aerospace, Huntsville,
Alabama
Experiment Origin: USA
Mission: Apollo-Soyuz Test Project (ASTP)
Launch Date/Expt. Date: July 1975
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Science Demonstration, ASTP Manned Environment
(Command Module)
Processing Facility: Transparent cube into which liquid was in-
jected through a syringe.
Builder of Processing Facility: Lockheed Missiles and Space Com-
pany, Huntsville, Alabama
Experiment:
Spreadinq of Liquids
The objective of this ASTP science demonstration was to study the
spreading of fluids over solid and liquid surfaces. In a low-
gravity environment, liquid shape change and liquid spreading
rate can be examined independent of overwhelming terrestrial
gravity effects.
Reportedly, syringes filled with either water (mixed with red
dye) or oil (mixed with blue dye) were to be used to inject a
small amount of fluid onto the inside, bottom surface of a
transparent cube. As the fluid spread across the bottom and up
the sides of the cube, more fluid was to be injected from the
syringe onto the inside, bottom surface. One of the interior
faces of the box had been treated to act as a non-wetting
surface; the top of the box had been treated to insure the fluid
remained inside the cube. <Note: The anti-wetting material
treatment was not specified in the available publications.> A
small, anvil-shaped solid was attached to the bottom of the cube
to permit the study of fluid-spreading over sharp corners.
<Note: It is not clear (i) how many experiment runs were actually
achieved during the mission or (2) what the specific fluid media
of each of these runs was to be. Although the Principal Inves-
tigator reported that 5-10 runs were anticipated and that all
these runs were to be photographed, it appears (Reference (i))
that only one run was actually attempted during the mission.>
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Specifically, the Principal Investigator reported that the
selected syringe "...never worked properly and was "frozen" when
the astronaut first tried it. Therefore the few drops extracted
were thrown randomly into the container rather than gently as
planned. Thus inertia rather than surface tension determined
where fluids went which destroyed [the] purpose of the experi-
ment." (3)
<Note: In addition to the Principal Investigator's summary
(above) it was reported (Reference (i)) that "Only one box was
photographed during the ASTP mission. The photographs clearly
show that the oil placed at the center of the bottom surface
quickly spread to the corners and climbed the vertical walls.
The oil accumulated in the corners of the cube in a manner that
would minimize the surface area. When red water was added to the
oil surface, repulsion of oil and water was followed by an equi-
librated configuration of water droplets surrounded by an oil
film." (i, p. 31-5) Although it is not clear, it appears that
this information from Reference (i) describes in more detail what
happened during the attempt described by the Principal Inves-
tigator (when the drops were thrown randomly into the
container).>
No other comments were made in the available documentation which
described fluid flow (if any) over the anvil, or the effective-
ness of the non-wetting surfaces.
Key Words: Fluid Physics, Liquid Spreading, Solid/Liquid Inter-
face, Liquid/Gas Interface, Liquid/Liquid Interface, Wetting of
Container, Non-Wetting of Container, Meniscus Shape, Surface Ten-
sion, Interracial Energy, Contact Angle, Free Surface, Coated
Surfaces, Liquid Expulsion Through a Small Orifice, Drops,
Droplet Creation Via a Syringe, Surface Tension Minimum, Drop
Formation, Hardware Malfunction
Number of Samples: one container
<Note: It appears that multiple spreading trials were to be per-
formed in the single container.>
Sample Materials: oil (mixed with blue dye), water (mixed with
red dye)
Container Materials: unclear, possibly Lexan TM
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Experlment/Material &pplicatlonsz
Fluid physics information derived from this science demonstration
could be used to understand the effects of gravity on fluid
spreading. Fluid spreading and uniformity characteristics are
important during coating applications, soldering, brazing,
lubrication, lithography painting, etc.
References/Applicable Publications:
(1) Snyder, R. S., Clifton, K. S., Facemire, B., Whitaker, A. F.,
Grodzka, P. G., and Bourgeois, S.: Science Demonstrations. In
Apollo-Soyuz Test Project, Marshall Space Flight Center, February
1976, pp. 31-1 - 31-9. (this paper is not the same as the special
publication entitled the Apollo Soyuz Test Project)
(2) Naumann, R. J. and Mason, E. D.: Liquid Spreading. In Sum-
maries of Early Materials Processing in Space Experiments, NASA
TM-78240, August 1979, p. 73. (post-flight)
(3) Input received from Principal Investigator S. V. Bourgeois,
April 1988 and July 1993.
Contact(s):
S. V. Bourgeois
Lockheed Missiles and Space Company
P.O. Box 1103
Huntsville, AL 35807
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Principal Investigator(s) z Reed, R. E. (1)
Co-Investlgator(s) z Uelhoff, W. (2) Adair, H. L. (3)
Affillatlon(s): (1) During ASTP: Oak Ridge National Laboratory,
Oak Ridge, Tennessee, Currently: Deceased; (2) Institut f_r
Festkorperforshung, Kernforschungsanlage Julich, Germany; (3) Oak
Ridge National Laboratory, Oak Ridge, Tennessee
Experiment Origin: USA
Mission: Apollo-Soyuz Test Project (ASTP)
Launch Date/Expt Date: July 1975
Launched From: NASA Kennedy Space Center, Florida
Payload Type: ASTP Docking Module Payload
Processing Facility: Multipurpose Electric Furnace M512 (gradient
furnace) located in the ASTP docking module. (The furnace was
similar to the Skylab M-518 furnace.)
Builder of Processing Facility: Westinghouse, Pittsburgh, Pen-
nsylvania
Experiment:
Surface Tension Induced Convection (MA-041)
Fluid mixing in a liquid melt due to density differences created
by thermal or compositional gradients is suppressed under low-
gravity conditions. However, there are other fluid flow
mechanisms which can produce convective flow (see for example
early space experiments by Poorman, SL-2 (Chapter 14)). One of
these mechanisms, surface-tension-driven convection (the Maran-
goni effect), may become a major source of convective flows in
the space environment.
This Apollo-Soyuz Test Project (ASTP) Experiment was designed to
investigate if a step-like compositional variation in a liquid
metal would produce convection in wetting and non-wetting am-
poules under low-gravity conditions. The specific objective of
the experiment was to study surface-tension-driven convective
flows present during the diffusion of gold in lead. It was ex-
pected that if no convective stirring effects were acting, a nor-
mal, diffusion-controlled concentration profile would be
detected.
"Surface tension induced convection could be expected if the
specimens were not in contact with the ampoule wall. However, if
the specimens touch the walls, the interface tension between...
[a section of Pb-Au] and pure Pb should not be able to create a
convective effect according to the fluid dynamic theories [i.e.,
no slip boundary conditions] by which zero flow is expected at
the walls." (i, p. 368)
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Prior to the ASTP mission, six Pb/Pb-0.05 at.% Au diffusion-
couple samples were created by pressure bonding the Pb-Au alloy
to the Pb material. The samples were placed in three cartridges
(two samples per cartridge).
During the mission, the M512 Materials Processing Facility was
used to process the materials. Three samples were located in the
hot zone of the furnace (923 +/- I0 K) and three in the inter-
mediate zone of the furnace (723 +/- 50 K). This sample con-
figuration allowed the investigation of diffusion at two dif-
ferent temperatures. Two of the three samples in each zone were
contained in graphite-lined stainless steel crucibles (not wetted
by lead). The graphite crucibles were oriented in opposite
directions (with respect to the temperature gradient) to inves-
tigate whether melting or solidification would affect the Au dis-
tribution. The remaining samples were contained in mild steel
crucibles (wetted by lead) and configured with the Pb-Au section
aligned so that it melted first.
During the experiment, the samples were heated, melted, and
solidified using rates of 2.5 cm/min (923 K temperature zone) and
6.0 cm/min (723 K temperature zone). (Graphs describing the
thermal history of the samples are included in Reference (i).)
It was reported that "...because of a malfunction in the helium
quenching process, the SF [space flight] specimens stayed molten
longer than was initially anticipated." (i, p. 382)
The acceleration environment of the samples during the mission
was of interest to the investigators because accelerations could
affect the diffusive/convective nature of the samples.
Reportedly, "the average acceleration of th$ SF specimens during
the experiment was less than 0.0981 cm/sec _. Maximum accelera-
tion, which was caused by firing of th_ reaction control system
thrusters, was less than 5.886 cm/sec _ for time periods of 15
milliseconds." (i, p. 372)
Post-flight analysis of the low-gravity samples illustrated that
"... the gold moved about one-half the distance in the low tem-
perature ampoule as in the high temperature ampoule, as would be
expected from diffusion theory. Some distortion of the diffusion
profile was observed near the [ampoule] walls, and this distor-
tion seems to depend on the sample orientation in the furnace.
This suggests that either volume change or segregation effects
during solidification may have been partially responsible for
this effect. No difference was observed between samples
processed in the [mild] steel and graphite[-lined] ampoules. Ap-
parently the melt did not wet the steel as expected. (4, p. 56)
<Note: Presumably, the meaning of "No difference" in the above
quote means that the diffusion profile near the wall of both the
"wetting" and non-wetting ampoules was distorted.>
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Ground-based tests were performed to duplicate the low-gravity
experiment (see Reference (i) for details). Reportedly, "The
ground control samples showed almost complete mixing when
processed in the vertical destabilizing orientation (with the
heavier gold alloy at the top). In the stable configuration
(gold alloy at the bottom), substantial, but not complete, mixing
was observed, probably because of the radial gradients.
"The investigators conclude that Marangoni Convection offers the
best explanation for the observed distribution [specifically at
the walls], and therefore the 'no-slip' boundary condition ap-
parently does not apply to nonwetting materials in low-g [see
Reference (i) for detailed discussion]. However, a detailed
analysis was not presented to support this assertion .... [T]he
bulk migration of Au in the Pb appeared to be almost completely
diffusion controlled in the space processed samples. No trace of
gold was found away from the diffusion region, indicating negli-
gible mixing resulted from the combination of vehicle accelera-
tions and the various nongravitational effects." (4, p. 56)
Key Wor4s: Fluid Physics, Melt and Solidification, Surface
Tension-Driven Convection, Marangoni Convection, Binary Systems,
Interdiffusion, Diffusion, Diffusive Mass Transfer, Thermal
Gradient, Solutal Gradients, Liquid Mixing, Wetting of Container,
Non-Wetting of Container, Hydrostatic Pressure, Coated Surfaces,
Volume Change, Segregation, Quench Process, Acceleration Effects,
Acceleration Measurement, Liquid/Liquid Interface, Solid/Liquid
Interface, Hardware Malfunction, Thermal Environment More Extreme
Than Predicted, Processing Difficulties
Number of Samples: six
Sample Materials: Pb/Pb-0.05 at.% Au (Pb-Au alloy pressure bonded
to pure Pb creating diffusion couples)
(Pb*Au*)
Container Materials: Graphite-lined stainless steel (four
ampoules) and mild steel (two ampoules)
(c*)
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Experiment/Material Applications:
Reportedly, the Pb/Pb-0.05 at.% Au system was selected for this
experiment for three major reasons:
(1) "The melting point of Pb (600 K) was sufficiently low to
provide a convenient temperature range for liquid diffusion and
to ensure that 0.05 at.% Au would be initially soluble in Pb upon
solidification. Any subsequent precipitation of Pb2Au would be
in situ and thus would still provide a marker for the original
position of the Au." (1, p. 368)
(2) The nuclear properties of Pb and Au make the alloy ideal for
neutron activation studies.
(3) It was believed that large variations in surface tension with
composition are characteristic of the Pb-Au system.
References/Applicable Publicatlons:
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Electric Furnace. In Apollo-Soyuz Test Project, NASA SP-142, Vol.
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Induced Convection in Encapsulated Liquid Metals in a
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Project- Composite of MSFC Final Science Report, NASA TM X-
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Contact(s):
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Principal Investigator(s}: Papazian, J. M. (i)
Co-Investigator(s): Wilcox, W. R. (Co-Investigator was not his
specific title) (2)
Affiliation(s}: (1) Grumman Aerospace Corporation, Bethpage, New
York; (2) Clarkson, University, Potsdam, New York
Experiment Origin: USA
Mission: SPAR 1
Launch Date/Expt. Date: December 1975
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Directional solidification furnace
Builder of Processing Facility: Grumman Aerospace Corporation,
Bethpage, New York
Experiment:
Thermal Migration of Bubbles and Their Interaction with Solidifi-
cation Interfaces (74-36)
This SPAR 1 experiment was the first in a series of investiga-
tions designed by Papazian et al. to study the interaction of
bubbles with a solidification interface. (The experiment also
represented one of two investigations performed by Papazian
during the SPAR 1 sounding rocket mission (see Papazian, SPAR i,
Experiment 74-37 (Chapter 9)).)
The specific objectives of experiment 74-36 were to (I) directly
observe the interaction of a solidification interface with
bubbles under low-gravity conditions, (2) obtain information con-
cerning the bubble migration rate under an imposed thermal
gradient, (3) evaluate the effects of launch-induced fluid motion
on a partially solid/partially liquid sample, and (4) better un-
derstand the environmental conditions (thermal and barometric)
imposed on the experimental apparatus during a sounding rocket
flight.
The experimental apparatus consisted of four parts: (i) a frame
to support the working components, (2) an electronics package,
(3) a motorized 35 mm Nikon F2 camera (250 exposures), and (4)
the specimen holder/furnace assembly. The specimen holder con-
sisted of an aluminum block which held four Pyrex TM sample tubes
(I0 mm by i00 mm), the lighting system, and the heaters. The
temperatures of the top and bottom portions were preset and con-
trolled independently. Fourteen thermistors were bonded to the
back of the specimen holder which recorded the specimen tempera-
tures.
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Prior to the mission, four samples were configured in the direc-
tional solidification furnace. Three of these samples
(designated as "B," "C," and "D") were related to this experi-
ment. (The other sample was related to SPAR Experiment 74-15 and
will not be discussed further in this summary (see instead
Uhlmann, SPAR 1 (Chapter 5)).) Samples B, C, and D each con-
sisted of carbon tetrabromide, CBr4, saturated with a gas:
Sample B was saturated with argon, Sample C with hydrogen, and
Sample D with nitrogen. (The three gasses have differing
molecular weights and solubilities in CBr4. )
Approximately 30 to 45 minutes prior to launch, the furnace
heaters were activated, melting the sample material and estab-
lishing a thermal gradient along the length of the specimen
holder. At liftoff, the power line to the heaters was inten-
tionally severed and the specimen holder began to cool. It was
determined that the cooling rate of the flight specimens was
slower than that observed during similar, ground-based reference
experiments performed in the flight apparatus (see Reference (I)
for complete thermal history of samples). The solidification be-
havior of the samples was recorded by a 35 mm camera. Eighty
seconds after launch, photographic recording was initiated at a
rate of about 1 frame/sec. A total of 220 frames were exposed
during the flight experiment.
Post-flight examination of the photographs revealed that gas
evolution occurred at the solidification interface. The evolved
gas was trapped in the growing crystal roughly in the form of
spheres. Comparison to ground-processed samples indicated that
the major effect of the low-gravity conditions was an increase in
the number and total volume of the voids. The bubbles formed in
the liquid ranged from 0.i mm to 4 mm in diameter. The large
bubbles were due to incomplete filling of the sample tubes prior
to the mission. These bubbles were originally located at the top
of the samples and were pushed down by rocket-spin induced fluid
motion. The smaller bubbles, which were not present prior to
launch, were either (i) nucleated by a particular vibrational
frequency of the rocket motor, (2) nucleated by the reduction in
gravity (hydrostatic head), or (3) released by the solid material
during interface erosion by the spinning liquid.
The continuous gas evolution resulted in a growth and coalescence
of the bubbles situated at the interface. No pushing of these
bubbles could be detected macroscopically (minimum detectable mo-
tion was about 0,2 mm). Instead, the bubbles were entrapped by
the solidification front. It was expected that bubble motion on
the order of a few millimeters per second would have been seen.
However, no steady bubble motion could be detected. It was
suspected that the lack of steady motion may have been due to
surface contamination of the bubbles. The source of this con-
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tamination was probably decomposition of CBr4 or original im-
purities in CBr4. (These impurities were not acutally observed
in the solidified samples.)
Significant, unsteady bubble motion was observed in sample C.
"...the abrupt coalescence of two bubbles at the solid-liquid in-
terface caused pushing of neighboring small bubbles. These ob-
servations [including those from a subsequent SPAR III experiment
(see Papazian, SPAR 3, Experiment 74-36 (this chapter))] document
an additional source of fluid flow in weightless melts, namely,
fluid motion due to bubble coalescence or due to the motion of
large bubbles." (2, p. 47)
Key Words: Fluid Physics, Melt and Solidification, Directional
Solidification, Interface Physics, Ternary Systems, Composites
with Gases, Saturation, Gas Formation, Bubbles, Bubble Growth,
Bubble Motion, Bubble Migration, Thermomigration, Bubble Coales-
cence, Nucleation, Bubble Nucleation, Thermal Gradient,
Solid/Liquid Interface, Liquid/Gas Interface, Solidification
Front Physics, Inclusion and/or Rejection of Particles, Voids,
Acceleration Effects, Launch-Induced Fluid Motion, Surfactants,
Contamination Source
Number of Samples: three
Sample Materials: Three carbon tetrabromide
saturated with argon, hydrogen H2, or nitrogen N 2.
(C*Br*Ar*, C*Br*H*, C*Br*N*_
Container Materials: Pyrex TM tubes
(CBr4) samples
Experiment/Material Applications:
Carbon tetrabromide was chosen as the experimental material be-
cause (1) previously published results on the material were
available for comparison, (2) its melting point (90 °C) was
suitable for the experimental goals, and (3) it was a readily
available material. The three selected gasses have different
solubilities in CBr 4.
This study is applicable to (i) material solidification processes
where gas bubbles may be formed due to decreased solubility in
the solid, (2) schemes for controlling bubble dispersions (e.g.,
foam materials), and (3) processes causing bubble migration.
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J. M. Papazian
Mail Stop A01-26
Grumman Corporation
Bethpage, NY 11714-3588
Dr. William R. Wilcox
Clarkson University
Potsdam, NY 13699-5700
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Principal Investigator(s): Papazian, J. M. (1)
Co-Investlgator(s): Wilcox, W. R. (Co-Investigator was not his
specific title) (2)
Affiliation(s): (1) Grumman Aerospace Corporation, Bethpage, New
York; (2) Clarkson, University, Potsdam, New York
Experiment Origin: USA
Mission: SPAR 3
Launch Date/Expt. Date: December 1976
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Directional solidification furnace
Builder of Processing Facility: Grumman Aerospace Corporation,
Bethpage, New York
Experiment:
Thermal Miqration of Bubbles and Their Interaction with
Solidification Interfaces (74-36)
This SPAR 3 experiment was the second in a series of investiga-
tions designed by Papazian et al. to study the interaction of
bubbles with a solidification interface (see Papazian, SPAR i,
Experiment 74-36). The specific objectives of this experiment
were to (i) repeat the SPAR 1 experiment with a higher thermal
gradient and (2) compare the behavior of a commercially pure (CP)
CBr 4 to a high purity, zone refined (ZR) CBr 4.
The experimental apparatus employed during SPAR 1 (see Papazian,
SPAR i) was slightly modified and reused during this SPAR 3 mis-
sion. The apparatus still consisted of four major parts: (i) a
frame to support the working components, (2) an electronics
package, (3) a motorized 35 mm Nikon F2 camera (250 exposures),
and (4) the specimen holder/heater block which held four i0 mm by
i00 mm sample tubes. However, to achieve a higher thermal
gradient than that of the SPAR 1 experiment (and yet maintain the
same solidification rate) , the SPAR 1 aluminum sample
holder/heater block was replaced with a shorter block made of
stainless steel. The shorter length and lower thermal conduc-
tivity of the stainless steel allowed a thermal gradient of 20
°C/cm (compared to 5 °C/cm for the SPAR 1 experiment).
Four samples were processed during the flight experiment:
samples A and B were commercial pure CBr 4 and samples C and D
were high purity, zone refined CBr 4. All four sample materials
had been saturated with argon for gas bubble generation. (Argon
was selected based on the positive results observed during the
SPAR 1 flight.)
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The intended experimental sequence included (I) heater on 45
minutes prior to launch (sample melting), (2) heater off 4
minutes prior to launch, (3) launch, t o = 0, (4) camera start at
i00 seconds after launch, and (5) camera stop at 330 seconds
after launch. "The actual sequence followed this plan with the
exception of a 16 min hold which occurred at to-13 [seconds].
During the hold the heaters were reactivated, the count was reset
to to-15 min, and the normal sequence of operation followed." (I,
p. IV-4) (The heaters were turned off prior to launch because
ground-based experiments revealed that a stable cooling rate was
established only after the heater had been shut off for several
minutes.)
Post-flight analysis included (i) examination of the photographs
and (2) optical observations and radiographic studies of the
solidified samples. It was reported that, generally, the main
influence of the reduced gravity environment was an increase (due
to a lack of buoyancy) in the number and volume of sample voids
(when compared to similarly processed ground control samples).
"The optical observations also showed that a void nucleation
burst had occurred.., at approximately to+70 s. This time coin-
cides with the establishment of low-gravity conditions in the
rocket and, hence, may be indicative of a gravitational effect on
nucleation, but there is also the possibility that nucleation was
simply caused by impurity build-up and the timing was a coin-
cidence." (ii, p. 44)
Bubbles were observed in the liquid sections of all flight
samples. The bubbles were uniform in size (0.i to 0.2 mm in
diameter) with the exception of a few larger bubbles (about 4
mm). These larger bubbles were due to incomplete filling of the
sample tubes prior to the mission and were pushed down into the
sample by fluid motion induced by rocket spin. "The smaller
bubbles, none of which were present before launch, were nucleated
by a particular vibrational frequency of the rocket motor or by
the reduction in gravity (i.e., hydrostatic head) or were
released by the solid CBr 4 during interface erosion by the spin-
ning liquid. It is unlikely that interface erosion would give
rise to the uniform bubble size and spatial distribution observed
in [the] SPAR III [experiment]. " (ii, p. 46)
In samples A, B, and C a steady state equilibrium between gas
evolution, interface motion, and void growth was observed. This
resulted in cylindrical voids with constant diameters. In sample
D, growth and coalescence of the bubbles at the interface were
indicated. These bubbles were trapped by the growing interface
and no evidence of macroscopic pushing was observed.
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Steady state migration of the bubbles was not observed in any of
the samples, although initial estimates predicted bubble
velocities on the order of mm/sec. Marangoni numbers (calculated
based on measured values of physical constants for CBr4) , for
bubbles of 0.i mm, 1 mm, and 4 mm diameters were given as 3, 300,
and 5000, respectively. Earlier work (J.R.A. Pearson, J. Fluid
Mech., Vol. 4, pp. 489-500, 1958) had indicated that, for planar
geometries, significant thermocapillary flow should occur for
Marangoni numbers above 80. However, more recent experiments
(S. R. Coriell, et al., NBSIR 77-1208 Annual Report, 72, February
1977) have indicated thatAbubble flow occurs with Marangoni num-
bers of the order of i0 -_. "The most likely cause for the ob-
served bubble immobility in... [this]... experiment is thought to
be contamination of the bubble surface by impurities." (ii, p.
47) (The expected sources of this contamination were the same as
those detailed for the Papazian's earlier SPAR 1 experiment.)
Significant bubble motion was observed in sample B: "...the
lower edge of the large bubble just visible at the top of
Specimen B moved downward by 1.3 mm. This motion occurred in a
relatively uniform manner over a 60 s time interval. The flight
film shows that the motion of the large bubble caused the small
bubbles in its vicinity to be pushed along apparent streamlines
of fluid flow .... These observations [also, see Papazian, SPAR
I, Experiment 74-36] document an additional source of fluid flow
in weightless melts, namely, fluid motion due to bubble coales-
cence or due to the motion of large bubbles." (ii, p. 47)
The results from this experiment, and the similar experiment per-
formed during SPAR i, were as follows:
(i) The larger number and greater volume of voids in the flight
samples can be directly attributed to the lack of buoyancy
forces.
(2) The morphology of the voids was dependent on the thermal
gradient: for a gradient of 5 °C/cm (SPAR i) cylindrical voids
were present while for 20 °C/cm (SPAR 3) spherical voids were
present. Void morphology was dependent upon gravity for the zone
refined material only.
(3) Low-gravity conditions favor easier void nucleation and may
favor easier bubble nucleation for commercial purity CBr 4.
(4) A thermal gradient of 20 °C/cm does not result in (a) detach-
ment of bubbles form the solid/liquid interface or (b) migration
toward the hot end in liquid CBr 4.
(5) CBr 4 solidification interfaces are unable to induce long dis-
tance pushing (greater than 0.2 mm) of bubbles.
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(6) Significant fluid flow in liquids under low-gravity condi-
tions can be caused by bubble motion or coalescence.
Key Words: Fluid Physics, Melt and Solidification, Directional
Solidification, Interface Physics, Ternary Systems, Saturation,
Composites with Gases, Gas Formation, Bubble Formation, Bubble
Migration, Marangoni Movement (Migration) of Bubbles, Bubble
Coalescence, Nucleation, Bubble Nucleation, Bubble Dispersion,
Particle Size Distribution, Bubble Motion, Bubble Growth, Ther-
mal Gradient, Solidification Front Physics, Solid/Liquid Inter-
face, Liquid/Gas Interface, Inclusion and/or Rejection of Par-
ticles, Thermocapillary Convection, Buoyancy Effects Diminished,
Surfactants, Voids, Contamination Source, Impurities, Sample
Purity, Acceleration Effects, Launch-Induced Fluid Motion
Number of Samples: four
Sample Materials: Carbon tetrabromide (CBr4) samples; two were of
commercial purity and two were high purity, zone refined
materials. All samples were saturated with argon.
(C*Br*Ar*)
Container Materials: Pyrex TM
Experiment/Material Applications:
See Papazian, SPAR i, Experiment 74-36.
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Dr. William Wilcox
Clarkson University
Potsdam NY 13699-5700
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Principal Investigator(s): Schafer, C. F. (1)
Co-Investigator(s): None
Affiliation(s): (1) National Aeronautics and Space Administration
(NASA), Marshall Space Flight Center (MSFC), Huntsville, Alabama
Experiment Origin: USA
Mission: SPAR 1
Launch Date/Expt. Datez December 1975
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Temperature Control Unit (TCU) furnace
(heaters, sample cartridges, water quench system, and sample
monitoring thermistors)
Builder of Processing Facility: NASA Marshall Space Flight Cen-
ter, Huntsville, Alabama
Experiment:
Characterization of Rocket Vibration Environment by Measurement
of the Mixinq of Two Liquids (74-18)
This SPAR 1 experiment was the first in a series of investiga-
tions designed by Schafer et al. to illustrate the nature of the
SPAR rocket acceleration environment and its effect on diffusion-
controlled fluid systems.
Prior to the SPAR mission, three 0.6 cm cylindrical samples were
prepared. Each of these prepared samples consisted of a section
of pure indium joined to a similarly-sized section of 80 wt%
indium-20 wt% lead. The density differences between the two sec-
tions were selected to allow convective mixing to occur if suffi-
cient residual gravity was present when the materials were
(later) molten.
Each sample was placed within a separate heater within the ex-
periment Thermal Control Unit (TCU). The three sample/heater as-
semblies were configured such that each was aligned differently
to the rocket longitudinal axis and onboard accelerometer axes
when the TCU was mounted in the SPAR rocket.
During the SPAR 1 experiment, the samples were melted and
solidified during the low-gravity coasting phase of the mission.
Reportedly, the experiment sequence was as follows: (i) 45
seconds after launch, sample heating was initiated, (2) 225
seconds after launch, sample heating was terminated, and (3) 345
seconds after launch, sample quench was initiated.
Inspection of the flight data and/or the returned TCU payload in-
dicated that (i) the experiment was performed as scheduled, (2)
the samples were processed with the expected thermal profile, and
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(3) the quench system performed as expected.
Post-flight, the three In-(In-Pb) interfaces were examined to
determine the degree of mixing that had occurred in each of the
samples. Reportedly, the sample "...(oriented parallel to the
payload longitudinal axis) experienced interface motion near
that.., expected from diffusion[,].., the sample (aligned paral-
lel to the accelerometer x-axis) experienced a small amount of
interface motion.., which might be slightly more than that ex-
pected by diffusion[,].., and the sample (aligned parallel to the
accelerometer y-axis) experienced flow down one side of the con-
tainer." (i, p. IV-27)
Both experimental and computational correlation of fluid motion
with acceleration environment was performed. It was observed
that (i) "...the magnitudes of the flow experienced by the three
samples.., are consistent with the acceleration arising from the
rotation of the payload about its longitudinal axis .... " (i, p.
IV-_6), and (2) the level of this acceleration is of the order of
i0 -_ g or less. Thus it was concluded that while the residual
accelerations aboard SPAR are very low and the vehicle provides a
good platform for experiments requiring up to 5 minutes of low-g
time, convective fluid motion can occur at these low-g levels.
It was recommended that computations to estimate levels of effec-
tive gravity for which convective flows become significant be
performed for a given experimental configuration.
Key Words: Fluid Physics, Melt and Solidification, Binary Sys-
tems, Alloys, Quench Process, Thermosolutal Convection, Density
Difference, Liquid Mixing, Liquid/Liquid Interface, Diffusion,
Diffusive Mass Transfer, Viscosity, Rotation of Payload, Ac-
celeration Effects, Acceleration Measurement, Launch-Induced
Fluid Motion, Rocket Vibration
Number of Samples: three
Sample Materials: First section: pure indium; second section: 80
wt% In-20 wt% Pb
(In*Pb*)
Container Materials: aluminum
(AI*)
Experiment/Material Applications:
It is expected that the low gravity environment will reduce con-
vective flow in systems with density gradients. This experiment
illustrates the need to characterize the acceleration environment
and to consider the effects of possible fluid motions even at low
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acceleration levels.
The In/In-Pb system was chosen for several reasons. First, not
only could it be used illustrate the mixing behavior of two
fluids of differing density, but it was also expected to yield
results which could be interpreted as relevant to other experi-
ments involving differing density fluids. Second, its
"...kinematic viscosity is in the range of kinematic viscosities
of materials of interest to other investigators (e.g. liquid
metals). This follows from the fact that for a fixed geometry,
the kinematic viscosity of a fluid is a fundamental parameter for
governing flow due to accelerations which act through density
differences." (i, p. IV-4) "Thirdly, the materials chosen for
sample preparation were selected so as to minimize spurious flow
effects." (I, p. IV-4)
References/Applicable Publications:
(i) Schafer, C. F.: Liquid Mixing Experiment. In Space Process-
ing Applications Rocket Project, SPAR I Final Report, NASA TM X-
3458, pp. IV-1 - IV-37, December 1976. (post-flight)
(2) Schafer, C. F. and Fichtl, G. H.: SPAR 1 Liquid Mixing Ex-
periment. 15th AIAA Aerospace Sciences Meeting, Los Angeles,
California, January 24-26, 1977, 8 pp. (post-flight)
(3) Toth, S. and Frayman, M.: Measurement of Acceleration Forces
Experienced by Space Processing Applications. Goddard Space
Flight Center, Contract No. NAS5-23438, Mod. 23, ORI, Inc., Tech-
nical Report 1308, March 1978. (acceleration measurements; SPAR
1-4)
(4) Liquid Mixing Experiments. In Descriptions of Space Process-
ing Applications Rocket (SPAR) Experiments, Edited by R. J.
Naumann, NASA TM-78217, January 1979, pp. 11-12. (post-flight)
(5) Input received from Principal Investigator C.
August 1993.
F. Schafer,
Contact(s):
Charles F. Schafer
EPI3
NASA Marshall Space Flight Center, AL 35812
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Principal Investigator(s): Schafer, C. F. (i), Fichtl, G. H. (2)
Co-Investigator(s): None
Affiliation(s): (1) National Aeronautics and Space Administration
(NASA), Marshall Space Flight Center (MSFC), Huntsville, Alabama;
(2) During SPAR 3: NASA Marshall Space Flight Center, Huntsville,
Alabama, Currently: Retired
Experiment Origin: USA
Mission: SPAR 3
Launch Date/Expt Date: December 1976
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Temperature Control Unit (TCU) furnace
(heaters, sample cartridges, water quench system, and sample
monitoring thermistors)
Builder of Processing Facility: NASA Marshall Space Flight Cen-
ter, Huntsville, Alabama
Experiment:
Liquid Mixinq (74-is)
This SPAR 3 sounding rocket mission was the second in a series of
investigations designed by Schafer et al. to illustrate the na-
ture of the SPAR rocket acceleration environment and its effect
on diffusion-controlled fluid systems (see Schafer, SPAR 1). The
specific objective the SPAR 3 study was to extend the earlier
SPAR research by similarly processing In/In-Pb samples of dif-
ferent aspect ratios.
Prior to the SPAR mission, seven cylindrical samples were
prepared. Each of these prepared samples consisted of a section
of pure indium joined to a similarly sized section of 80 wt% In-
20 wt% Pb. The samples were 2.2 cm long and had a diameter of
either 0.6 cm (sample #i, #2, #3, and #4), 0.45 cm (sample #5),
or 0.3 cm (sample #6 and #7). Each of the samples was contained
in an aluminum cylinder and placed within a separate heater
within one of two experiment Thermal Control Units (TCU).
Reference (1), Figure 8 details the placement of the 7 samples
within the TCU furnace. Sample #2, #3, and #7 were configured in
the TCUs such that forces acting on the samples acted parallel to
the original interface between the In and In-Pb. "The fluid
mechanics problem presented here is that of a cylinder lying on
its side with a constant body force applied vertically." (1, p.
III-9) Sample #1, #4, #5 and #6 were configured in the TCUs such
that forces acting on the samples were directed radially outward.
The fluid dynamics problem presented here is that of a cylinder
containing "...a heavier liquid overlaying a lighter liquid in a
vertically downward directed force field." (1, p. III-9)
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Reportedly, neither fluid problem has an analytical solution, al-
though some modeling of the systems can provide insight. Based
on these models it was expected that given a radiall_ directe@
residual acceleration with a magnitude of between i0 -v and i0 -_
g, (i) sample #2, #3, #6, and #7 would not exhibit measurable
flows and (2) sample #i, #4, and #5 would exhibit measurable
flows. <Note: Reference (i) also discusses the modeling of the
two fluid problems.>
During the SPAR 3 experiment, the samples were melted and
solidified during the low-gravity coasting phase of the mission.
The experiment sequence was as follows: (i) 45 seconds after
launch, sample heating was initiated, (2) 225 seconds after
launch sample heating was terminated (the sample remained molten
for approximately 180 seconds), and (3) 345 seconds after launch,
sample quench was initiated.
Post-flight examination of the samples included X-ray
radiographic inspections. These inspections were used to (i)
determine whether fluid flow had occurred in the molten samples
and (2) compare the flight results to the theoretical analysis
(see Reference (i)). Reportedly, "The experiment performed well
in the engineering sense in that all samples melted and were
quenched at the proper times. Samples 4 and 5 however, did not
have good joints between the In and In-Pb sections so that no
flow could have occurred in these samples. Sample 1 experienced
flow as expected and by an amount consisten_ with a r_dially
directed acceleration-o g)W_th .a magnitude of 10-v g to i0 -- range(approximately 5 X i0 Samples 2, 3, 6 and 7 experience[d]
no flow as expected for radial acceleration of that magnitude.
In summary, the SPAR III results were predicted by the considera-
tions used to fully explain the SPAR 1 results." (i, p. III-12)
Key Words: Fluid Physics, Melt and Solidification, Binary Sys-
tems, Alloys, Quench Process, Thermosolutal Convection, Density
Difference, Liquid Mixing, Liquid/Liquid Interface, Diffusion,
Diffusive Mass Transfer, Aspect Ratio, Rotation of Payload, Ac-
celeration Effects, Acceleration Measurement, Launch-Induced
Fluid Motion, Processing Difficulties
Number of Samples: seven
Sample Materials: First section: pure In; second section: 80 wt%
In-20 wt% Pb
(In*, In*Pb*)
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Container Materials: aluminum
(AI*)
Experiment/Material Applications:
See Schafer, TEXUS i.
References/Applicable Publications:
(i) Schafer, C. F. and Fichtl, G. H.: Liquid Mixing. In Space
Processing Applications Rocket Project SPAR III-Final Report,
NASA TM-78137, pp. III-i - III-16, January 1978. (post-flight)
(2) Toth, S. and Frayman, M.: Measurement of Acceleration Forces
Experienced by Space Processing Applications, Goddard Space
Flight Center, Contract No. NAS5-23438, Mod. 23, ORI, Inc., Tech-
nical Report 1308, March 1978. (acceleration measurements, SPAR
1-4)
(3) Liquid Mixing Experiments. In Descriptions of Space Process-
ing Applications Rocket (SPAR) Experiments, Edited by R. J.
Naumann, NASA TM-78217, January 1979, pp. 11-12.
(4) Naumann, R.J. and Herring, H. W.: Materials Processing in
Space: Early Experiments. NASA SP-443, 1980, pp. 99-100. (post-
flight)
Contact(s):
Charles F. Schafer
EPI3
NASA Marshall Space Flight Center, AL 35812
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Principal Investigator(s): Uhlmann, D. R. (1)
Co-Investigator(s): Unknown
Affillatlon(s): (1) During SPAR 3: Massachusetts Institute of
Technology, Cambridge, Massachusetts, Currently: Department of
Material Science and Engineering, University of Arizona, Tucson,
Arizona
Experiment Origin: USA
Mission: SPAR 3
Launch Date/Expt Date: December 1976
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Single Axis Acoustic Levitator (SAAL)
Builder of Processing Facility: Intersonics, Northbruck, Illinois
Experiment:
Contact and Coalescence of Viscous Bodies (74-53)
This SPAR 3 sounding rocket experiment was designed to study the
viscous coalescence of Newtonian fluid drops under low-gravity
conditions. The specific objective of the investigation was to
obtain an accurate characterization of the growth of inter-
particle necks which form during a viscous sintering process.
During the SPAR 3 mission, it was intended that drops of a vis-
cous fluid (Dow Corning silicone oil, 5000 centistokes) be in-
jected into an acoustic levitation chamber. The drops were to be
formed on the tip of a needle and then blown into the chamber by
the flow from an air nozzle. The drop size and injection
velocity was to be carefully controlled such that contact and
coalescence between the drops would result. The entire process
was to be filmed and the motion of the drop boundaries deter-
mined.
Reportedly, the experiment "...did not succeed because of the
failure of drops of the desired size to form at the tip of the
injector needle under microgravity conditions. This has since
been associated with the fluid being pumped too fast through a
small needle. For this reason, a stream of fluid was formed
rather than the desired drop at the end of the needle. In addi-
tion, the force on the drop from the air nozzle was too large,
causing premature detachment of small drops." (i, p. VII-13)
(See Reference (i) for details.)
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Key Words: Fluid Physics, Drops, Acoustic Levitation, Droplet
Creation Via a Syringe, Liquid Expulsion Through a Small Orifice,
Droplet Injection, Drop Formation, Droplet Size, Drop Velocity,
Droplet Collision, Drop Coalescence, Viscosity, Viscoelastic
Bodies, Liquid/Gas Interface, Processing Difficulties
Number of Samples: One experiment run was planned.
Sample Materials: Dow Corning 200 silicone oil with additives
Container Materials: not applicable
Experiment/Material Applications:
Silicone oil was selected as a model material to evaluate (i) the
contact and coalescence process which occurs in some viscoelastic
sintering processes as well as (2) the thermal processing of
phase separating glasses.
References/Applicable Publications:
(i) Uhlman[sic], D. R.: Contact and Coalescence of Viscous
Bodies. In Space Processing Applications Rocket Project SPAR
III-Final Report, NASA TM-78137, January 1978, pp. VII-i - V-17.
(post-flight)
(2) Toth, S. and Frayman, M.: Measurement of Acceleration Forces
Experienced by Space Processing Applications. Goddard Space
Flight Center, Contract No. NAS5-23438, Mod. 23, ORI, Inc., Tech-
nical Report 1308, March 1987. (acceleration measurements; SPAR
1-4)
Contact(s):
Professor D. R. Uhlmann
Department of Material Science and Engineering
College of Engineering and Mines
University of Arizona
Tucson, AZ 85721
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Principal Investlgator(s): Wang, T. G. (1)
Co-Investigator(s): Elleman, D. D. (2), Saffren, M. M. (3)
Affillation(s): (1) During SPAR 4: Jet Propulsion Laboratory
(JPL), Pasadena, California, Currently: Vanderbilt University,
Nashville, Tennessee; (2,3) Jet Propulsion Laboratory (JPL),
Pasadena, California
Experiment Origin: USA
Mission: SPAR 4
Launch Date/Expt. Date: June 1977
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facillty: Triaxial acoustical levitation resonance
chamber
Builder of Processing Facility: Unknown
Experiment:
Containerless Processinq Technoloqy (76-20/1)
This SPAR sounding rocket experiment was the first in a series of
experiments designed by Wang et al. to study the stability,
manipulation, oscillation, and rotation of a liquid drop held in
an acoustic field. The specific objectives of the experiment (as
reported in Reference (i)) were to:
(1) Determine the positioning capability of the employed acoustic
chamber.
(2) Determine the perturbation of drop shape oscillation due to
G-jitter-induced center of mass motion.
(3) Determine the rotation capability of the employed acoustic
chamber.
(4) Determine the perturbation of drop rotation induced by G-
jitter.
(5) Determine the capability of the employed acoustic position
servo system.
(6) Study the natural and resonant frequencies and damping
mechanism of drop oscillation.
(7) Study the drop shape change due to rotation.
The experiment was performed in a nearly cubical triaxial acous-
tical levitation resonance chamber (11.43 X 11.43 X 12.70 cm).
Within the chamber, three mutually perpendicular acoustic drivers
were designed to excite "...the lowest-order standing wave along
the direction that the driver faces. In a resonant mode, the am-
bient pressure is maximum at the nodes of the velocity wave and
minimum at the antinodes. Consequently, there is a tendency for
introduced liquids and particles to be driven toward the an-
tinodes, where they collect and remain until excitation ceases."
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(i, p. V-5) The experimental setup included a camera and the
required hardware to film the drop dynamics from three direc-
tions.
A detailed description of the anticipated inflight operation of
the acoustic chamber was presented in Reference (i), p. V-6. The
procedure was specifically designed to insure that a 1.25 cm
radius water droplet (experiencing a residual acceleration level
of 10-4g and an acoustic chamber quality factor (omega/2*(delta
omega)) of approximately 25) would rotate and oscillate.
During the mission, a fluid sample was injected into the chamber
as planned. <Note: the specific fluid was not identified, al-
though it is suspected that it was water.> However, 130 seconds
after liftoff, an unexpected sound power failure occurred, and
the suspended drop drifted into the chamber wall. Reportedly, it
was suspected that the failure was caused by a circuit design er-
ror.
Although drop oscillation and rotation were not realized, "...a
thirty second segment of free oscillation, superimposed on a slow
drift of the drop in the microgravity environment..." (i, p. V-
I0) was achieved.
Post-flight, the camera film was developed for analysis. Unex-
pectedly, the images were foggy. It was suspected that silicone
oil (employed during droplet formation experiments on earlier
Learjet flight tests which employed the SPAR equipment) vaporized
and condensed causing the foggy images. Consequently, analysis
(using the film) was hampered. Only one of the three camera
views could be processed with some certainty; thus, three-
dimensional information of the drops was difficult to resolve.
Among other characteristics, drop boundaries (as a function of
time) and center of mass motion were analyzed. (See Reference
(i), pp. V-10 to V-34 for details of the data analysis.)
It was reported that "The analysis identified the three lowest
modes of a freely oscillating drop. However, information con-
cerning line shapes, line widths, and damping factors could not
be obtained from the present data .... " (i, p. V-34)
The experiment was reflown on SPAR 6 after the problems with the
electronics and vaporizing silicone oil had been corrected (see
Wang, SPAR 6).
<Note: This experiment appears to be an extension of an earlier
experiment by Vaughan and Wang on Skylab SL-4 entitled "Acoustic
Positioning" (see Vaughan, SL-4, "Acoustic Positioning" (this
chapter)).>
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Key Wordsz Fluid Physics, Containerless Processing Applications,
Acoustic Positioning, Acoustic Levitation, Resonant Frequency,
Standing Waves, Hydrodynamics, Drops, Liquid Injection, Droplet
Creation Via a Syringe, Liquid Expulsion Through a Small Orifice,
Liquid Transfer, Drop Formation, Drop Dynamics, Drop Stability,
Liquid Stability, Drop Oscillation, Fluid Oscillation, Drop
Vibration, Liquid Vibration, Drop Rotation, Sample Rotation,
Rotating Fluids, Fluid Motion Damping, Liquid Dynamic Response,
Droplet Collision, Sample Deformation, Free Surface, Surface Ten-
sion, Liquid/Gas Interface, Contamination Source, Vaporization,
Condensation, Acceleration Effects, Hardware Malfunction,
Photographic Difficulties
l_unber of 8amplesz one
8ample Materials: Unclear, appears to have been water.
Container Materials: not applicable
Experiment/Material Applicationsz
See Wang, SPAR 6 (this chapter).
References/Applicable Publications:
(1) Wang, T. G., Elleman, D. D., Jacobi, N., and Tagg, R.: Con-
tainerless Processing Technology Experiment Report, SPAR IV Ex-
periment 76-20. In Space Processing Applications Rocket Project,
SPAR IV Engineering Report (Final), NASA TM-78235, pp. Vi-v69,
January 1980. (post-flight)
(2) Toth, S. and Frayman, M.: Measurement and Acceleration Forces
Experienced by Space Processing Applications. Goddard Space
Flight Center, Contract No. NAS5-23438, Mod. 23, ORI Inc., Tech-
nical Report 1308, March 1978. (acceleration measurements; SPAR
1-4; post-flight)
(3) Containerless Processing Technology. In Descriptions of
Space Processing Applications Rocket (SPAR) Experiments, Edited
by R. J. Naumann, NASA TM-78217, January 1979, pp. 31-32. (post-
flight)
Contact(s) z
Dr. Taylor G. Wang
Box 6079 Station B
Nashville, TN 37235
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Principal Investigator(s): Wang, T. G. (i)
Co-Investigator(s): Elleman, D. D. (2), Saffren, M. M. (3)
Affiliation(s): (1) During SPAR 6: Jet Propulsion Laboratory
(JPL), Pasadena, California, Currently: Vanderbilt University,
Nashville, Tennessee; (2,3) Jet Propulsion Laboratory (JPL),
Pasadena, California
Experiment Origin: USA
Mission: SPAR 6
Launch Date/Expt. Date: October 1979
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facillty: Triaxial acoustical levitation resonance
chamber (This chamber was the same as that employed during
Wang's SPAR 4 experiment but now with minor modifications.)
Builder of Processing Facility: Unknown
Experiment:
Containerless Processing Technoloqy (76-20/2)
This SPAR 6 sounding rocket experiment was the second in a series
of investigations designed by Wang et al. to study the stability,
manipulation, oscillation, and rotation of a liquid drop held in
an acoustic field (see Wang, SPAR 4). The specific objectives of
the experiment (as reported in Reference (i)) were to:
(i) Study the center of mass motion of a drop in an acoustic
chamber.
(2) Determine the rotation capability of the chamber.
(3) Study the natural resonant frequencies and damping mechanism
of drop oscillation.
(4) Study the drop shape change due to rotation.
The experiment was performed in the triaxial acoustical levita-
tion resonance chamber previously used by Wang during SPAR 4.
The chamber had been somewhat modified since SPAR 4, although the
acoustic drivers still operated as they did during SPAR 4 (see
Wang, SPAR 4 for details of the chamber). <Note: The SPAR 6
chamber modifications were not clearly defined in the available
references.> A 16 mm camera, whose line of focus was directed
along the z axis of the chamber, documented the motion of the
drop in the x and y axes as well, via the use of two mirrors.
During the SPAR 6 flight, a total of 8.6 cc of water was slowly
injected into the center of the chamber. During the first 18
seconds of the low-gravity phase of the experiment, the injector
tips were withdrawn, exciting free oscillations of the drop sur-
face. These free oscillations eventually damped out, and the
drop moved back and forth in the acoustic potential well.
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Forced oscillation of the drop was achieved. Planned modulation
of the acoustic pressure along the z axis resulted in large,
regular drop oscillation. Subsequently, the drop unexpectedly
rotated. This rotation was attributed to the modulation. When
complimentary modulation of the x and y axes was added, the drop
relaxed. During the next 30 seconds, the drop was subjected to a
torque generated by "...a phase difference of 90 ° between the x
and y pressure amplitudes." (i, p. V-5-3) This torque rotated
the drop about the z axis. (It was noted that the time allotted
to this part of the experiment was probably inadequate for solid
body rotation to have been reached.)
Drop boundary data were obtained by digitizing selected frames of
the filmed drop motion. A detailed analysis was presented.
(Refer to Reference (i), Section 4, beginning on p. V-4-1 for a
detailed theoretical background of the SPAR data analysis.)
Speculation concerning the unexpected rotation of the modulated
drop was given. "One likely possibility is that an off-center
drop in a complicated pressure field.., accompanied by larger
amplitude motion, would experience an effective torque." (i, p.
V-6-1) It was also concluded that when the drop was later
rotated by applying the torque, "...the first bifurcation point
was almost reached in only thirty seconds of rotation. Since
equilibrium... [had] not yet been reached, this... [indicated]
that spending more time on the rotation sequence or increasing
the torque by using a higher sound pressure might take the drop
beyond the first bifurcation point." (i, p. V-6-1)
Additional information describing the experiment and post-flight
analysis can be found in several of the publications below.
Key Words: Fluid Physics, Containerless Processing Applications,
Acoustic Positioning, Acoustic Levitation, Resonant Frequency,
Standing Waves, Hydrodynamics, Liquid Injection, Drop Formation,
Droplet Creation Via a Syringe, Liquid Expulsion Through a Small
Orifice, Drops, Droplet Injection, Drop Dynamics, Drop Stability,
Liquid Stability, Drop Oscillation, Fluid Oscillation, Drop
Vibration, Liquid Vibration, Drop Rotation, Sample Rotation,
Rotating Fluids, Fluid Motion Damping, Liquid Dynamic Response,
Sample Deformation, Free Surface, Surface Tension, Liquid/Gas
Interface, Acceleration Effects
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Number of Samples: one
Sample Materials: distilled water mixed with dye to provide an
optimum filming medium; surface tension 71.0 +/- 2.0 dynes/cm
Container Materials: not applicable
Experiment/Material Applications:
This experiment was designed to aid in the study of containerless
processing in a reduced gravity environment. Because container-
less processing involves materials which are in the liquid-melt
state, these experiments will contribute to such research in the
following ways: (1) stability analysis of the drop will allow the
investigation of (a) the effect of g-jitter on the sample and (b)
the focus requirement of the heat lamp on the sample; (2) oscil-
lation analysis of the drops will allow the investigation of (a)
the "...induced mixing currents within the melt..." and (b) the
maximum acoustic power required..." (1, p. V-1-1); and (3) rota-
tion analysis will allow the investigation of (a) the feasibility
of degassing and shaping the melt, and (b) the feasibility of
using only one heat lamp to process the rotating sample.
Thus, this research impacts (i) the thermal insulation require-
ments on the chamber; (2) the total power, weight, and acoustic
insulation requirements of the chamber; (3) the economical
feasibility of containerless processing; and (4) the thermal
design of the chamber. (i, p. V-l-l)
References/Applicable Publications:
(i) Wang, T. G., Elleman, D. D., Jacobi, N., and Croonquist,
A. P.: Containerless Processing Technology Experiment Report SPAR
VI Experiment 76-20. In Space Processing and Applications Rocket
Project SPAR VI Final Report, NASA TM-82433, pp. Vi - V-B-6, Oc-
tober 1981. (post-flight)
(2) Wang, T. G., Elleman, D. D., Jacobi, N., Croonquist, A., and
Rayermann, P.: Containerless Processing Technology Experiment In-
terim Report: SPAR VI Experiment 76-20. October 1980, Jet
Propulsion Laboratory, Pasadena, California.
(3) Containerless Processing Technology. In Descriptions of
Space Processing Applications Rocket (SPAR) Experiments, Edited
by R. J. Naumann, NASA TM-78217, January 1979, pp. 31-32.
(preflight)
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(4) Jacobi, N., Croonquist, A. P., Elleman, D. D., and Wang,
T. G.: Acoustically Induced Oscillation and Rotation of a Large
Drop in Space. <Note: Appears to be SPAR 6. Further information
on where this document was published could not be determined at
this time.>
Contact(s):
Dr. Taylor G. Wang
Box 6079 Station B
Nashville, TN 37235
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Principal Investigator(s}: Wang, T. G. (1)
Co-Investigator(s): Elleman, D. D. (2), Saffren, M. M. (3)
Affiliation(s): (1) During SPAR 7: Jet Propulsion Laboratory
(JPL), Pasadena, California, Currently: Vanderbilt University,
Nashville, Tennessee; (2,3) Jet Propulsion Laboratory (JPL),
Pasadena, California
Experiment Origin: USA
Mission: SPAR 7
Launch Date/Expt. Date: May 1980
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Triaxial acoustical levitation resonance
chamber (This chamber was modified following the SPAR 6 flight
(see detail below).)
Builder of Processing Facility: Unknown
Experiment:
Containerless Processing Technology: Dynamics of
Liquid Drops 76-20/3 (Coalescence and Mixing Experiments)
This SPAR 7 sounding rocket experiment was the third in a series
of investigations designed by Wang et al. to study the stability,
manipulation, and oscillation of liquid drops held in an acous-
tic field (see Wang, SPAR 4, SPAR 6). The specific objectives of
the experiment (as reported in Reference (i)) were to:
(i) Demonstrate the capability of the acoustic chamber for colli-
sion and coalescence of quiescent drops.
(2) Study the mixing effects generated by collision and coales-
cence of oscillating drops.
(3) Study the shift of natural frequencies of drop oscillation as
a function of oscillation amplitude.
The investigation was performed in the triaxial acoustic levita-
tion resonance chamber previously employed by Wang on SPAR 4 and
6. The chamber had been modified for SPAR 7, however, to include
a "...multiple-drop injection system and a vacuum system to
retrieve drops between experiments." (I, p. IV-5) The nearly
cubical chamber (10.59 X 11.42 X 12.70 cm) had slightly different
dimensions than the SPAR 4 and 6 chamber "to preclude inter-
ference effects." (The mutually perpendicular acoustic drivers
still operated as described in Wang, SPAR 4.) A 16 mm camera,
whose line of focus was directed along the z axis of the chamber,
documented the motion of the drop in the x and y axes as'well via
the use of two mirrors.
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The multiple drop injection system consisted of "two forked
syringes." "The water was deployed through... [the] syringes so
as to form two drops near the center of the chamber with one arm
of the forks acting as a post and the other one, which was hol-
low, acting as the conduit for the liquid. The posts were neces-
sary so that the drop would remain close to the center of the
chamber when the two forks were retracted." (i, p. IV-9)
The droplet liquid consisted of distilled water and a small quan-
tity of dye. The dye was added to produce a contrast between the
two drops.
During the mission, the "...4.6 cm 3 for each drop were injected
over 13 seconds. The acoustic drivers were turned on just after
retraction providing positioning forces as the injector tips were
withdrawn." (I, p. IV-9)
Four similar sequences were planned during which a red water drop
and a green water drop were deployed. Drop collision and coales-
cence as a result of acoustic forces was to be studied during
each run.
Post-flight examination of acceleration levels indicated that ac-
celeration spikes occurred during the first run. "The largest
spike was approximately i00 _g and lasted roughly two seconds ....
This motion strongly affected the outcome of the experiment be-
cause it occurred at the most critical time just before probe
retraction when the drops were full size and attached to the
forked probes with no acoustic force to stabilize them." (i, p.
IV-13)
This acceleration "...caused the drops to move down the posts
(i.e. the non-hollow arms) of the forks... [during] the first
sequence. When the probes [forks] were retracted the drops fol-
lowed the probes to... [an opposite] corner [of the chamber]. In
the second and third series the red drop was... [successfully]
deployed but the green drops slid down the post as the post had
been wetted inadvertently during deployment of previous sequence
and were carried to the corner. In the final sequence the two
drops were successfully deployed although their volumes were less
than the preprogrammed ones because of residual water on the
forks.
"Because the drops were not centered in the chamber during
deployment, they oscillated within the acoustic potential well.
The acoustic force was sufficient to hold the drops and prevented
them from contacting the chamber wall and in addition, brought
them together to coalesce. The motions caused by the acoustic
restoring force are found to be consistent with what has been ob-
served and reported in the SPAR VI report." (i, p. IV-15) (See
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Wang, SPAR 6.)
Free oscillation analysis of the red and green drops and the
coalesced drop was presented. "Despite the problems engendered
by the g-perturbations early in the experiment, the system did
deploy a droplet pair which coalesced under the influence of the
acoustic fields. In this sequence the drops did behave as
planned undergoing large amplitude oscillation." (I, p. IV-28)
Additional information describing this experiment can be located
in Reference (i).
Key Words: Fluid Physics, Containerless Processing Applications,
Acoustic Positioning, Acoustic Levitation, Resonant Frequency,
Standing Waves, Hydrodynamics, Liquid Injection, Drop Formation,
Droplet Creation Via a Syringe, Liquid Expulsion Through a Small
Orifice, Droplet Injection, Drops, Drop Dynamics, Drop Stability,
Liquid Stability, Drop Oscillation, Fluid Oscillation, Drop
Coalescence, Liquid Mixing, Droplet Collision, Collisions, Liquid
Dynamic Response, Liquid/Gas Interface, Liquid/Liquid Interface,
Free Surface, Surface Tension, Wetting, Vacuum, Acceleration Ef-
fects, Processing Difficulties
Number of Samples: one setup, four experimental runs
Sample Materials: distilled water (dyed red and green to provide
a contrast between the two fluids); surface tension (measured
prior to flight): 71.0 +/- 2.0 dynes/cm
Container Materials: not applicable
Experiment/Material Applications:
"Study of the stability and manipulatability of liquid drops at
room temperature is a useful and cost effective intermediate step
in the development of a better understanding of the fluid physics
pertinent to the mixing of two heated materials and the
capability to produce alloys and amorphous materials in a zero-G
environment. In addition the thermodynamics of chemical reac-
tions can be studied by bringing two reactants together." (1, p.
IV-l)
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References/Applicable Publi=ationsz
(i) Croonquist, A. P., Wang, T. G., Elleman, D. D., and Rayer-
mann, P. H.: Containerless Processing Technology Experiment
Dynamics of Liquid Drops Report-SPAR VII Experiment 76-20/3. In
Space Processing Applications Rocket (SPAR) Project, SPAR VII
Final Report, NASA TM-82535, pp. IV-i - IV-32, October 1983.
(post-flight)
(2) Containerless Processing Technology. In Descriptions of
Space Processing Applications Rocket (SPAR) Experiments, Edited
by R. J. Naumann, NASA TM-78217, January 1979, pp. 31-32.
(preflight)
Contact(s):
Dr. Taylor G. Wang
Box 6079 Station B
Nashville, TN 37235
Dr. A. P. Croonquist
Mail Code 183-401
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, CA 91101
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Principal Investigator(s): Wang, T. G. (1)
Co-Investigator(s}: Elleman, D. D. (2)
Affiliation(s): (1) During SPAR 7: Jet Propulsion Laboratory
(JPL), Pasadena, California, Currently: Vanderbilt University,
Nashville, Tennessee; (2) Jet Propulsion Laboratory (JPL),
Pasadena, California
Experiment Origin: USA
Mission: SPAR 7
Launch Date/Expt. Date: May 1980
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Triaxial acoustic levitation resonance cham-
ber
Builder of Processing Facility: Unknown
Experiment:
Containerless Processing Technology Experiment: Dynamics of Liq-
uid Bubbles 77-18/1
This SPAR sounding rocket experiment was the first in a series of
investigations designed by Wang et al. to examine the stability
and oscillations of liquid shells in the presence of an acoustic
field. The investigation was an extension of earlier sounding
rocket research initiated by Wang et al. which investigated the
stability of liquid drops in an acoustic field (see Wang, SPAR 4,
SPAR 6, and SPAR 7 "Dynamics of Liquid Drops 76-20/3" (this
chapter)).
The specific objectives of this SPAR 7 experiment (as reported in
Reference (i)) were to:
(i) Determine the sphericity of a positioned liquid bubble.
(2) Determine the efficiency of bubble centering by oscillation.
(3) Determine the perturbation on bubble centering by G-jitter.
(4) Study the natural resonant frequencies and damping mechanism
of bubble oscillation.
(5) Study the adiabatic expansion of the liquid bubble.
The triaxial acoustic levitation resonance chamber used for this
SPAR 7 experiment was similar to the chamber employed during
Wang's previous SPAR 6 liquid drop investigation (see Wang, SPAR
6). However, the SPAR 7 chamber had the capability of creating
liquid shells by injecting air into the deployed drop. The nearly
cubical chamber (10.59 X 11.42 X 12.70 cm) had the same dimen-
sions as the SPAR 6 chamber. Operation of the acoustic drivers
was similar to that described in Wang, SPAR 4. A 16 mm camera
was used to document the shell motion.
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During the flight, 8.0 cc of dyed water was deployed into the
center of the chamber by two coaxial syringes. <Note: It is not
clear if these "two coaxial syringes" (i) consisted of two
syringes which met in the center of the chamber and each supplied
half of the 8.0 cc of volume or (2) were in some other
unexplained configuration.> After water injection was completed,
0.16 cc of air was injected by concentric tubes located within
the water syringes. Next, the syringes retracted from the shell
and 30% amplitude modulation of the z-axis began. One hundred
and twenty seconds later the modulation was terminated.
Post-flight analysis of the experiment data indicated that the
injected air volume was not as large as planned (0.16 cc (actual)
vs. 2.4 cc (expected)) "...because the probe tips were not
adequately covered by water when the air flowed through the in-
jectors. In addition during deployment, the drop was not cen-
tered between the probes. This resulted in an oscillation of the
drop in the acoustic potential well. The acoustic force caused
the small bubble to move in the drop more than was planned...
[complicating] data analysis." (i, pp. V-15-16)
Post-flight examination of acceleration levels of the rocket in-
dicated that the x- and y-axes were affected by several accelera-
tion spikes. The largest acceleration (which occurred 108
seconds into the experiment) caused the drop to move slightly.
Reportedly, this motion did not adversely affect the experiment
because at that time, the drop was not fully deployed.
Detailed analysis of shell sphericity, free oscillation, forced
oscillation, center of mass motion and adiabatic expansion was
presented in Reference (i). "Using simple techniques of taking
information from the cine film record, several areas were
successfully studied: the observation of the natural oscilla-
tions of orders 2, 3, and 4; the characterization of the acoustic
well in terms of the simple harmonic oscillator potential and ob-
servation of the corresponding frequencies, and the study of the
expansion of the bubble as the pressure dropped .... The methods
used failed to give information about the damping coefficient but
allowed a crude analysis of the deviation of the drop boundary
from circularity ....
"Because of its small size it was impossible to study the natural
oscillations of the bubble and the presence of a centering force
within the drop was overwhelmed by the drop's motion in the
acoustical potential well." (i, p. V-46)
Additional information describing this experiment can be found in
Reference (i).
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Key Words: Fluid Physics, Containerless Processing Applications,
Acoustic Positioning, Acoustic Levitation, Resonant Frequency,
Standing Waves, Hydrodynamics, Drop Formation, Droplet Creation
Via a Syringe, Liquid Expulsion Through a Small Orifice, Drops,
Shells, Drop Dynamics, Fluid Motion Damping, Bubbles, Bubble
Dynamics, Bubble Stability, Bubble Centering, Drop Oscillation,
Fluid Oscillation, Bubble Formation, Bubble Motion, Gas Injec-
tion, Adiabatic Expansion, Liquid Dynamic Response, Free Sur-
face, Surface Tension, Wetting, Liquid/Gas Interface, Interface
Physics, Acceleration Effects, Sphericity, Processing Dif-
ficulties
Number of Samples: one
Sample Materials: distilled water (dyed for photographic
purposes); surface tension: 71.0 +/- 2.0 dynes/cm
Container Materials: not applicable
Experlment/Materlal Applications:
This experiment was designed to study phenomena associated with
the containerless processing of small, spherical shells. Such
metal or glass shells have applications as inertial confinement
fusion (ICF) targets. Drop sphericity, bubble centering, and
adiabatic expansion are all important characteristics in the
creation of the precise ICF targets.
References/Applicable Publications:
(i) Elleman, D. D., Croonquist, A. P., Jacobi, N., and Wang,
T. G.: Containerless Processing Technology Experiment Dynamics of
Liquid Bubbles-Report SPAR VII Experiment 77-18 Flight I. In
Space Processing Applications Rocket (SPAR) Project, SPAR VII
Final Report, NASA TM-82535, pp. V-5 - V-47, October 1983.
(post-flight results)
Contact(s):
Dr. Taylor G. Wang
Box 6079 Station B
Nashville, TN 37235
Dr. A. P. Croonquist
Mail Code 183-401
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, CA 91101
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Prlnclpal Investlgator(s}= Wang, T. G. (1) Croonquist, A. P. (2),
Rhim, W. K. (3), Elleman, D. D. (4)
Cc-Investlgatcr(s)= Unknown
Affillatlon(s)= (i) During SPAR 8: Jet Propulsion Laboratory
(JPL), Pasadena, California, Currently: Vanderbilt University,
Nashville, Tennessee; (2,3,4) Jet Propulsion Laboratory (JPL),
Pasadena, California
Experiment Origin: USA
Mission: SPAR 8
Launch Date/Expt. Date: November 1980
Launched From= White Sands Missile Range, New Mexico
Payload Type= Sounding Rocket Experiment
Processing Facility= Triaxial acoustic resonance levitation cham-
ber which had flown on SPAR 7
Builder of Processing Facility= Unknown
Experlmentz
Dynamics of Liquid Bubbles ('7"7-18/2)
This experiment was the second in a series of investigations
designed by Wang et al. to study the stability and oscillation of
liquid shells in the presence of an acoustic field (see Wang,
SPAR 7, experiment 77-18/1). The SPAR 8 experiment had the same
five goals as the previous SPAR 7 experiment as well as an addi-
tional sixth goal: to examine the centering forces due to shell
rotation.
The triaxial acoustic resonance levitation chamber used in this
experiment was the same as that employed during SPAR 7, experi-
ment 77-18/1. "For this flight the dimensions of the chamber and
the signals to the drivers were modified to enable the shell to
be rotated." (i, p. III-3). The operation of the acoustical
drivers was similar as described in Wang, SPAR 4. A camera was
used to document shell motion.
Reportedly, "Experiment 77-18/2 was designed to deploy a shell,
maintain it in the center of the chamber, rotate it and stimulate
several modes of its natural shape oscillations-all acoustically,
and then to decompress the acoustic chamber so the shell would
expand." (1, p. III-38)
Deployment of 5.77 cc of dyed water through two liquid syringes,
and subsequent injection of 4.21 cc of air into the water, was
completed similarly as described in Wang, SPAR 7 (experiment 77-
18). During the experiment, "...surface oscillations generated
by the retraction of the injectors permitted the study of the
natural oscillations of an air-water-air compound drop. Several
modes were seen at the frequencies predicted by theory; the
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n=2/sloshing submode (1.9 Hz), the n=3/sloshing submode (3.7 Hz),
the n=2/bubble submode (7.0 Hz) and the n=4/sloshing submode (6.3
Hz) were identified.
"The motion of the shell's center of mass was studied for the en-
tirety of the experiment. From the oscillations in the x and y
directions the drag on the shells as it moved through the air
were determined ....
"...The acoustic torque caused the shell to spin up to a rate of
4.1 rps. An imbalance in the acoustic forces distorted the shell
and restricted the analysis to a qualitative comparison with the
theory of acoustic torques. The shell rotated sufficiently to
center the bubble and continued to rotate for 175 seconds after
the torque had been removed ....
"The shell responded to the modulated acoustic force during each
of... three stimulated oscillation sequences. [For example, ] When
the modulation was swept through the frequency of the
n=2/sloshing submode the shell's response was weakly resonant;
when the shell was stimulated at the n=3/sloshing frequency its
oscillations were very small and non resonant- as expected ....
"The bubble expanded as the pressure in the chamber was
decreased-its volume decreased by a factor of 4.5." (I, pp. III-
95-96)
For a detailed discussions of results see Reference (i), pp. III-
95-97.
Key Words: Fluid Physics, Containerless Processing Applications,
Acoustic Positioning, Acoustic Levitation, Resonant Frequency,
Standing Waves, Hydrodyanmics, Drop Formation, Droplet Creation
Via a Syringe, Liquid Expulsion Through a Small Orifice, Drops,
Shells, Drop Dynamics, Fluid Motion Damping, Bubbles, Bubble
Dynamics, Bubble Motion, Bubble Centering, Liquid Stability,
Bubble Stability, Drop Oscillation, Fluid Oscillation, Bubble
Formation, Gas Injection, Adiabatic Expansion, Bubble Rotation,
Sample Rotation, Liquid Dynamic Response, Sloshing, Free Sur-
face, Surface Tension, Liquid/Gas Interface, Interface Physics,
Acceleration Effects, Sphericity, Sample Deformation
_or of Samples: one
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Sample Materials: distilled water (dyed red for photographic
purposes) with a surface tension of 71.0 +/- 2.0 dynes/cm
(measured prior to flight)
Container Materials: not applicable
Experiment/Material Applications:
See Wang, SPAR 7, experiment 77-18/1 (this chapter).
References/Applicable Publications:
(i) Croonquist, A. P., Rhim, W.-K, Elleman, D. D., and Wang,
T. G.: Containerless Processing Technology Experiment Dynamics of
Liquid Bubbles. In Space Processing Applications Rocket Project,
SPAR VIII Final Report, NASA TM-82578, pp. III-i - III-103, June
1984. (final report)
Contact(s):
Dr. Taylor G. Wang
Box 6079 Station B
Nashville, TN 37235
Dr. A. P. Croonquist
R. K. Rhim, or D. D. Elleman
Mail Code 183-401
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, CA 91101
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Prlncipal Investlgator(s): Wang, T. G. (1)
Co-Investlgator(s): Unknown
Affiliatlon(s): (1) During SPAR 10: Jet Propulsion Laboratory
(JPL), Pasadena, California, Currently: Vanderbilt University,
Nashville, Tennessee
Experiment Origin: USA
Mission: SPAR i0
Launch Date/Expt Date_ June 1983
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Acoustic Levitation Space Processing Rocket
Instrument (ALSP)
Builder of Processing Facility: Unclear, appears to have been Jet
Propulsion Laboratory, Pasadena, California
Experiment:
Containerless Processing Technology (76/20-3)
This experiment was the fourth in a series of investigations
designed by Wang et al. to study the stability, manipulation, and
oscillation of liquid drops held in an acoustic field (see Wang,
SPAR 4, SPAR 6, and SPAR 7 (experiment 76-20)). The specific ob-
jectives of the experiment (as reported in Reference (i)) were
to:
(i) Demonstrate the transport capability of the employed acoustic
chamber for collision and coalescence of quiescent drops.
(2) Study the mixing effects generated by collision and coales-
cence of oscillating drops.
(3) Study the shift in natural frequencies of drop oscillation as
a function of oscillation amplitude.
<Note: Very little information describing the experimental setup
and expected inflight procedure could be located at this time.
The following paragraphs were written based on the brief summary
provided in Reference (1).>
The experiment was performed in the Acoustic Levitation Space
Processing Rocket Instrument (ALSP). <Note: It is not clear if
this apparatus was the same as that used by Wang et al. during
earlier SPAR flights. Further information about the apparatus
design was not presented.>
Reportedly, "Telemetry data [from the SPAR I0 rocket flight] in-
dicates all program sequences operated as planned, except the on-
board camera failed at about T + 107 sec... [(]20 sec after the
camera was started[)]. All preflight checks had shown normal
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camera operation ....
"Post flight failure analyses indicated the film take-up spool
had malfunctioned and film had jammed in the camera. Flight film
development showed all functions normal before the film jammed
and was torn at the film advance sprocket." (i, p. 8)
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Fluid Physics, Containerless Processing Applications,
Acoustic Positioning, Acoustic Levitation, Resonant Frequency,
Standing Waves, Hydrodynamics, Drop Formation, Droplet Creation
Via a Syringe, Liquid Expulsion Through a Small Orifice, Drops,
Drop Dynamics, Drop Stability, Liquid Stability, Drop Oscilla-
tion, Fluid Oscillation, Drop Coalescence, Liquid Mixing, Droplet
Collision, Liquid Dynamic Response, Oscillation Amplitude, Oscil-
lation Frequency, Liquid/Gas Interface, Free Surface, Surface
Tension, Photographic Difficulties, Hardware Malfunction
Number of Samples: unclear
Sample Materials: unknown, probably distilled water
Container Materials: not applicable
Experlment/Material Applications:
See Wang, SPAR 7, experiment 76/20-3 (this chapter).
References/Appllcable Publications:
(I) Space Processing Applications Rocket (SPAR) Project; SPAR X
(R-20)-Final Report, Section I, Introduction. In Space Process-
ing Applications Rocket (SPAR) Project, SPAR X Final Report, NASA
TM-86548, July 1986, pp. i-ii. (this experiment detailed on pp.
7-8)
Contact(s):
Dr. Taylor G. Wang
Box 6079 Station B
Nashville, TN 37235
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Principal Investlgator(s): Wang, T. G. (1)
Co-Investigator(s): Elleman, D. (2), Trinh, E. (3)
Affiliatlon(s): (1) During Spacelab 3: Jet Propulsion Laboratory
(JPL), Pasadena, California, Currently: Vanderbilt University,
Nashville, Tennessee; (2,3) Jet Propulsion Laboratory (JPL)
Pasadena, California
Experiment Origin: USA
Mission: STS Launch #17, STS-024 (STS 51-B,
Challenger)
Launch Date/Expt Date: April 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility
Processing Facility: Drop Dynamics Module
acoustic levitator)
Builder of Processing Facility: Unknown
Spacelab 3:
(DDM) (three-axis
Experiment:
Dynamics of Rotating and Oscillating Free DroDs (DROPS)
The dynamic behavior of rotating bodies (such as planets, stars,
or atomic nuclei) which is dependent on gravitational, electri-
cal, and/or nuclear forces, is difficult to model. Terrestrial
experimental verification of existing theoretical models has not
been possible because of the overwhelming effects of gravity on
the body. Immiscible liquids, suspended in a host media
(creating a neutrally buoyant system), have been used in the ter-
restrial laboratory to lessen the effects of gravity. However,
results from these experiments cannot be directly correlated to
theoretical predictions because the suspending fluid (host media)
exerts an inertial drag on the body (viscous forces). In a low-
gravity environment, liquid drops can be suspended with an acous-
tic positioning device without the interference of a suspending
liquid.
This Spacelab 3 experiment was the fifth in a series of inves-
tigations designed by Wang et al. to study the stability,
manipulation, oscillation, and rotation of a liquid drop held in
an acoustic field (see Wang, SPAR 4, SPAR 6, SPAR 7, SPAR 10).
The specific objectives of the experiment were to study (1) the
large amplitude oscillations of a liquid drop, and (2) the equi-
librium shapes of a rotating drop.
The experiment was performed in the Drop Dynamics Module (DDM).
The module consisted of a three-axis acoustic positioning cham-
ber. During the Spacelab 3 mission, several liquid drops of
water or water/glycerin mixtures were positioned (one at a time)
within the chamber and rotated at various rates. (Volumes, vis-
cosities, densities, and surface tensions of the employed drops
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can be found in the Sample Materials section below).
During a typical experimental sequence, a non-rotating drop was
positioned within the chamber using three orthogonal acoustic
standing wave generators. (The generators placed steady-state
forces (of the order of 1 dyne) on the drop.) The drops were
then rotated at various rates and directions by applying an
acoustically generated torque to the liquid. The application of
the torque caused the drop to spin with increasing velocity. The
rotational velocity of the drop was determined via immiscible
tracer particles suspended within the liquid. The drop motion and
drop shape variation with time was recorded along three or-
thoganol views using a 16 mm camera.
<Note: It is unclear how many DROPS experiments were performed
during the Spacelab 3 mission. However, it was reported that
"Failure and subsequent repair (in space) of the [experiment]
module took precious time; therefore only the experiment studying
the shapes of rotating drops was completed .... " (5, p. 50) The
nature of the failure and repair procedures were not presented in
the available publications.>
Data from one experiment were r_ported as typical and involved
spinups and spindowns of a 1 cm _, i00 cS drop. The initially
spherical drop was subjected to a forward torque, resulting in a
continual increase in rotation velocity. The drop then began to
deform with an increasing aspect ratio, a/b (where a is the
equatorial radius and b is the polar radius). When the drop at-
tained a particular rotation velocity, (Omega)II, it assummed a
two-lobed configuration. At this bifurcation point, the velocity
decreased as a result of the larger deformation. If the acoustic
torque was maintained, eventual fission of the drop occurred.
However, if the torque was shut off, the deformation decreased
and the drop assumed an axisymmetric shape. The rotation
velocity at which this reverse transition occurred was very close
to (Omega)II. Application of a reverse torque resulted in a
faster decay of the rotation velocity than if only drag acted on
the drop. The reverse torque caused rotation in the opposite
direction, with a repetition of the above described cycle.
Quantified data from this experiment, values of (Omega)II, and
drop deformation as a function of rotation velocity, were com-
pared to theoretical predictions. Since the magnitude of the ap-
plied torques was kept low (low angular acceleration) and the
liquid viscosities were relatively high, the experimental system
could be compared to an ideal system of a drop with constant
rotation velocity and in gyrostatic equilibrium. Because the
rotation velocity changed slowly, it was assumed that the speed
remained constant on the time scale of the relaxation time (see
Reference (3)).
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It was reported that the most obvious difference between theory
and experiment was the value for t_ normalized rotation rate at
bifurcation, (Omega)II. For a 3 cm _, i00 cS water/glycerin drop,
(Omega)II was experimentally determined to be 0.47 +/- 0.004,
while it was calculated as 0.56. "In addition, the experimental
rate of change of the relative deformation with rotation rate ap-
pears less that that predicted by calculations for the two-lobed
shape, while the agreement appears to be quite good for the
axisymmetric shape." (3, p. 454)
In addition, higher-lobed shapes were not noted during the
Spacelab experiment, while theory predicted multi-lobed shapes.
"The fact that no higher-number-lobed configurations were ob-
tained does not necessarily preclude the possibility of the ex-
istence of higher-order bifurcation points at larger velocity.
It is conceivable that the low rotational acceleration used in
this particular investigation or the small translational drop os-
cillations within the potential well adversely affected the prob-
ability of bypassing the first bifurcation point to reach higher
order lobed shapes." (3, p. 454)
Fission of the drops occurred experimentally after a monotonic
increase in the two-lobed deformation followed by a short
decrease in that deformation. The drops symmetrically split, oc-
casionally leaving a very small droplet at the center of mass.
Experimental data (water/glycerin drop, 1 cm 3, i00 cS) indicated
fission occurred at a normalized velocity of about 0.21 +/- 0.04.
"There is no simple prediction of a critical velocity at fission,
but one could compare the data to the velocity calculated for
maximum drop deformation (0.26). Calculations also indicate that
the rotational kinetic and surface energies for a single two-
lobed drop and for two separate drops match in the region where
the normalized velocity is equal to 0.25." (3, p. 454)
It was concluded that (i) good quantitative agreement between
theory and experiment for the rotational velocity at fission
(two-lobed configuration) was achieved, (2) drop shape may be
less stable to rotation velocity fluctuations than predicted, and
(3) the observation of no mode higher than the two-lobed con-
figuration supports the diminished stability argument.
Key Wozds: Fluid Physics, Containerless Processing Applications,
Acoustic Positioning, Acoustic Levitation, Resonant Frequency,
Standing Waves, Hydrodynamics, Drop Formation, Droplet Creation
Via a Syringe, Liquid Expulsion Through a Small Orifice, Drops,
Drop Dynamics, Drop Stability, Liquid Stability, Drop Oscilla-
12-100
tion, Fluid Oscillation, Drop Rotation, Sample Rotation, Liquid
Dynamic Response, Oscillation Amplitude, Oscillation Frequency,
Sample Deformation, Liquid/Gas Interface, Free Surface, Surface
Tension, Surface Energy, Tracer Particles, Viscosity, Sphericity,
Aspect Ratio, Planet Rotation, Hardware Malfunction, Processing
Difficulties
Number of 8amplesz unknown
8ample Materials: Drops formed from water or water/glycerine mix-
tures. D_op characterlstics were reported as: (i) volume: 0.5 cm 3
to 10 cm , (2) viscosity: 1, 10, 20, and 100 centistokes (cS),
(3) density: 1.0 to 1.22 g/cm 3, (4) surface tension: 55 to 65
dyne/cm
Container Materials: not applicable
Experlment/Materlal Appllcations:
Theoretical consideration of surface-tension-controlled shapes of
liquid drops in gyrostatic equilibrium is a part of the more
general problem of the study of dynamics or rotating masses
(planets, stars, atomic nuclei). The modeling of this behavior,
which is dominated by gravitational, electrical or nuclear
forces, is the major motivation behind solving this problem.
References/Applicable Publications:
(1) Trihn, E. H., Wang, T. G., Croonquist, A. P., and Elleman,
D. D.: Spacelab 3 Drop Dynamics Experiments. AIAA Aerospace
Sciences Meeting 24th Reno, Nevada, January 6-9, 1986, AIAA Paper
#86-0196.
(2) Spacelab 3 Early Results.
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Spaceflight, Vol. 27, 1985, p.
(3) Wang, T. G., Trinh, E. H., Croonquist, A. P., and Elleman,
D. D.: Shapes Of Rotating Free Drops - Spacelab Experimental
Results. Physical Review Letters, Vol. 56, February 3, 1986, pp.
452-455. (post-flight)
(4) Wang, T. G., Trinh, E. H., Croonquist, A. P., and Elleman,
D. D.: Dynamics of Rotating and Oscillating Drops. In Spacelab 3
Mission Science Review, Proceedings of a Symposium held at NASA
George C. Marshall Space Flight Center, Alabama, December 4,
1985, NASA CP-2429, pp. 27-30. (see also short summary pp. 5-6).
(post-flight)
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(5) Wang, T. G.: Equilibrium Shapes of Rotating Spheroids and
Drop Shape Oscillations. In Advances in Applied Mechanics, eds.
Hutchinson, J. W. and Wu, T. Y., Academic Press, San Diego,
California, 1988, pp. 1-62.
Contact(s):
Dr. Taylor G. Wang
Box 6079 Station B
Nashville, TN 37235
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Principal Investigator(s): Wang, T. G. (i), Subramanian, R. S.
(2)
Co-Investlgator(s): Unknown
Affiliatlon(s): (1) During STS-032: Jet Propulsion Laboratory
(JPL), Pasadena, California, Currently: Vanderbilt University,
Nashville, Tennessee; (2) Clarkson University, Potsdam, New York
Experiment Origin: USA
Mission: STS Launch #24, STS-032 (STS 61-C, Columbia)
Launch Date/Expt Date: January 1986
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Materials Science Laboratory (MSL-2), Payload
Bay
Processing Facility: Modified SPAR Three-Axis Acoustic Levitator
(3AAL)
Builder of Processing Facility: Unknown
Experiment:
3 Axis Acoustic Levitator (3AAL)
<Note: It is not clear if this experiment was designed to study
the low-gravity acoustic stability and manipulation of (1) a liq-
uid drop, (2) a liquid bubble, or (3) both liquid drops and liq-
uid bubbles. Wang et al. have five previous experiments involv-
ing the study of liquid drops (see Wang, SPAR 4, SPAR 6, SPAR 7,
SPAR i0, STS-024) and two previous experiments involving the
study of the dynamic behavior of liquid shells (see Wang, SPAR 7,
SPAR 8). (Also related is a Skylab experiment of Wang's with
Vaughan (see Vaughan, SL-4 (this chapter)).)>
No documents published after the STS-032 flight could be located
which detailed the objectives, experimental setup, or results of
this investigation. A document published prior to the flight
reported that "Twelve liquid samples will be suspended in sound
pressure waves, rotated and oscillated in a low-gravity, nitrogen
atmosphere. Investigators will study the degree of sphericity
attainable and small bubble migration similar to that having to
do with the refining of glass." (2, p. 14)
Key Words: Fluid Physics, Containerless Processing Applications,
Acoustic Positioning, Acoustic Levitation, Resonant Frequency,
Standing Waves, Hydrodynamics, Drop Formation, Droplet Creation
Via a Syringe, Liquid Expulsion Through a Small Orifice,
Liquid/Gas Interface, Drops, Drop Dynamics, Drop Stability, Liq-
uid Stability, Drop Oscillation, Fluid Oscillation, Bubbles,
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Bubble Dynamics, Bubble Stability, Bubble Formation, Bubble
Migration, Liquid Dynamic Response, Oscillation Amplitude, oscil-
lation Frequency, Free Surface, Surface Tension, Surface Energy,
Sphericity, Glasses
Number of samples: actual, unknown; possibly twelve
Sample Materials: unknown
Container Materials: not applicable
Experiment/Materlal Applications:
See Wang, SPAR 7 and 8 or Wang, STS-024
References/Applicable Publications:
(i) Materials Processing Experiments in Space: MSL-2 Payload.
Document Developed by Teledyne Brown Engineering under the direc-
tion of the Applications Payload Project office, Marshall Space
Flight Center, pp. 1-2 and 5-7. (MSL-2; processing facility)
(2) Space Shuttle Mission 61-C, Press Kit, December 1985, p. 14.
(pre-flight)
Contact(s):
Dr. Taylor G. Wang
Box 6079 Station B
Nashville, TN 37235
Dr. R. S. Subramanian
Department of Chemical Engineering
Clarkson University
Postdam, NY 13699-5705
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Principal Investigator(s): Br_ckner, R. (i)
Co-Investigator(s): None
Affiliation(s): (1) Institute for Non-Metallic Materials, Techni-
cal University, Berlin, Germany
Experiment origin: Federal Republic of Germany
Mission: TEXUS 1
Launch Date/Expt. Date: December 1977
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-1: An ex-
periment cell equipped with a shutter contained the employed
fluids. This cell had a diameter of 25 mm and was 3 mm deep. A
schlieren-optical setup combined with a cine camera allowed ob-
servation of interface phenomena.
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Interracial Convection
Surface tension gradients that are due to concentration or tem-
perature gradients within a flow field cause convective flow at
liquid-liquid interfaces.
This TEXUS 1 experiment was the first in a series of investiga-
tions designed by Br_ckner to study convective mass transfer
driven by an interfacial tension gradient. The specific objec-
tive of the experiment was to study the mass transfer of acetic
acid through the interface of two immiscible liquids (amyl al-
cohol and water).
Prior to the initiation of the investigation, a Teflon TM shutter
within the experiment cell separated the two immiscible fluids.
A solution of amyl alcohol and acetic acid was contained on one
side of the shutter and water (colored with methyl orange) was
contained on the other.
During the low-gravity phase of the rocket flight, the shutter
was slowly removed, thus bringing the fluids into contact. Fluid
flow patterns observed using a schlieren-optical arrangement were
recorded on 16 mm movie film (20 frames/sec).
Initial disturbances at the interface were due to the movement of
the shutter and the spreading of the amyl alcohol-acetic acid
solution (held in the upper part of the chamber) along the lower
side of the shutter. "This gave rise to inhomogeneities of the
boundary surface and therefore to violent interfacial convection
(spreading and swirling effects on both sides of the boundary
surface), which was connected with a strong deformation of the
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boundary surface. At first it seemed that the boundary surface
would move totally out of the field of view. However, the strong
curvature of the boundary surface into the amyl alcohol phase was
reduced after a few seconds to such a degree that it could be
seen in the whole field of view. The mean radius of curvature
was about 2 cm .... The cause of the curvature is the better wet-
tability (contact angle about zero) of the teflon-... [shutter]
by the organic solution than by the water.
"On both sides of the boundary surface the violent interfacial
convection seen at first decreased slowly. This interfacial con-
vection in turn caused a violent hydrodynamic flow, which again
contributed to and maintained the interfacial convection for 170
seconds. After this time the boundary surface was essentially
immobile, this behaviour being interrupted only occasionally by
small disturbances. It was not possible to correlate exactly
these disturbances with the small accelerations recorded during
weightlessness .... " (i, p. 512) Interface re-excitation occurred
when the rocket re-enteredthe Earth's gravitational field.
Differences between the rocket 10 -4 g low-gravity mass transfer
(when a density instability does not exist at the interface) were
compared to the l-g terrestrial mass transfer (when a density in-
stability does exist at the interface). <Note: Although it was
reported in the available references that the experimental proce-
dures of the terrestrial experiment duplicated the sounding
rocket experimental procedures, the Principal Investigator noted
that the procedures between the two experiments differed. These
differences were not further discussed.> It was reported that
during the terrestrial investigation (within an experiment time
comparable to that of the sounding rocket) "..no end of the in-
terfacial convection was obtained. A considerable and much
stronger exchange of acetic acid had taken place during that
time, as could be seen from the gradual shift of the boundary
surface in the direction of the amyl alcohol." (i, p. 514)
It was concluded that the reduced gravity experiment illustrated
the expected results: "...initially disturbances of the boundary
surface were due to the movement of the... [shutter] and its wet-
ting, which led to an interracial convection and showed a self-
excitation effect by hydrodynamic coupling. After that a decay
of the interracial convection to complete immobility was ob-
served." (i, p. 514)
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Key Words: Fluid Physics, Immiscible Fluids, Organic Systems,
Surface Tension, Surface Tension-Driven Convection, Marangoni
Convection, Convection at the Interface, Mass Transfer,
Liquid/Liquid Interface, Solid/Liquid Interface, Interface
Shapes, Interface Stability, Interface Phenomena, Interfacial
Tension, Interracial Curvature, Surface Tension Gradients, Con-
centration Distribution, Density Difference, Solutal Gradients,
Wetting of Container, Contact Angle, Coated Surfaces, Contained
Fluids, Liquid Reservoir, Hydrodynamics, Liquid Dynamic Response,
Acceleration Effects, Vehicle Re-Entry Forces/Vibration,
Schlieren Viewing
Number of Samples: one experiment cell
Sample Materials: acetic acid, amy1 _cohol, water
Container Materials: Shutter: Teflon_*'*; fluid cell: glass. ("The
upper half of the glass windows were siliconiced[sic] in order to
obtain a flat interface; because the wettability of pure glass by
water is better than by amylalcohol[sic]." (2, p. 269))
Experiment/Materlal Applications:
Such research is applicable to the study of corrosion, liquid
mixing, liquid extraction, and liquid transition.
References/Applicable Publications:
(i) Br_ckner, R: Interfacial Convection Observed Under
Microgravity Conditions During the TEXUS I Experiment. COSPAR
Space Research, Vol. XIX, pp. 511-514, ed. by Rycroft, Pergamon
Press, Oxford and New York. (post-flight)
(2) Br_ckner, R.: Fundamental Experiments on Interfacial
Convection; Project TEXUS I and II. In Proceedings of the 3rd
European Symposium on Material Sciences in Space, Grenoble, 1980,
pp. 267-272. (post-flight)
(3) Br_ckner, R.: Interfacial Convection Under Reduced Gravity.
Spacelab Payloads Materials Science and Processing in Space,
1980, pp. 87-95. (post-flight)
(4) Input received From Principal Investigator R. Br_ckner, May
1988 and July 1993.
(5) Interfacial Convection. In Summary Review of Sounding Rocket
Experiments In Fluid Science and Materials Sciences, ESA SP-1132,
February 1991, pp. 36-37. (post-flight)
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Contact(s):
Prof. Dr. R. Br_ckner
Institut f_r Nichmetallische Werkstoffe
der Technischen Universit_t Berlin
Anorganische Werkstoffe
Englische Strasse 20
D-1000 Berlin 12
Germany
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Principal Investigator(s}: Br_ckner, R. (1)
Co-Investlgator(s): None
Affiliation(s): (1) Institute for Non-Metallic Materials, Techni-
cal University, Berlin, Germany
Experiment origin: Federal Republic of Germany
Mission: TEXUS 2
Launch Date/Expt. Date: November 1978
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-1: An experi-
ment cell equipped with a shutter contained the employed fluids.
"The chamber for the liquids had a diameter of 25 mm and a width
of 3 mm." (2, p. 113) A schlieren-optical setup combined with a
cine camera allowed observation of the interface phenomena.
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Interfacial Convection
This TEXUS 2 experiment was the second in a series of investiga-
tions designed by Br6ckner to study convective mass transfer
driven by an interfacial tension gradient (see Br_ckner, TEXUS
1).
During this rocket flight, two experiments were performed which
investigated fluid/fluid interface instabilities. The specific
objective of the first experiment was to study concentration-
induced interfacial convection initiated by injecting a drop of
glycerin at the interface between two immiscible liquids. The
specific objective of the second experiment was to study ther-
mally induced interfacial convection initiated by local heating
of the liquid-liquid interface. The experiments were performed
one after another, using the same experimental cell. Fluid flow
patterns observed using a schlieren-optical arrangement were re-
corded on 16 mm movie film (20 frames/sec).
Prior to the initiation of the first experiment, two immiscible
fluids (water and amyl alcohol) were separated by a tubular shut-
ter within an experiment cell. (The shutter had a steel tip to
prevent total wetting by the amyl alcohol.)
During the low-gravity coasting phase of the rocket, the shutter
was withdrawn and the two immiscible fluids were brought into
contact with one another. The flat interface was allowed to sta-
bilize _or 60 seconds. The first experiment was then initiated:
a 40 mm J drop of glycerin (which is miscible in water, but only
slightly so in amyl alcohol) was injected at the interface of the
immiscible liquids to create an interfacial tension gradient at
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the boundary. While the glycerin drop contacted the two-fluid
interface, it "...did not coalesce with the water phase, because
the orifice of the... [shutter] was wetted by the... [amyl
alqohol] phase." (2, p. 114) A planned second injection of a 40
mm _ drop of glycerin at the interface was made, but still no
coalescence was observe_. During a third planned injection,
coalescence of a 120 mm _ drop of glycerin with the water was
achieved. Immediately, a clockwise-rotating swirl (related to a
positive spreading pressure) was noted on the water side of the
interface. "The contrast of the swirl on the side of the...
[amyl alcohol] was much weaker because of the very low
solubility. The rotation of both swirls was continued as long as
the glycerin drop was consumed and an interface was left with a
curvature of the upper part of the glycerin drop.., according to
the total solubility of glycerin in water and nearly no
solubility in... [amyl alcohol]." (2, p. 115) "The interface was
left curved due to the high solubility of glycerin in water and
its low solubility in amyl alcohol." (5, p. 38)
Ninety-five seconds after the third glycerin injection, the
second experiment was initiated. A heating element which touched
the interface was warmed to 80 °C (in 20 seconds) and then cooled
during the next 65 seconds. This heating and cooling procedure
was repeated two more times, the third time during the rocket's
re-entry into the Earth's atmosphere. All three of the
heating/cooling procedures "...showed very clearly the dominating
spreading effect connected with some swirl formations, which
decayed very rapidly after switching off the heater." (2, p.
115)
Ground-based experiments were performed for comparison. These ex-
periments employed similar fluids in the same apparatus. (To
prevent the glycerin drops from sinking through the interface
prior to the initiation of interfacial convection, the density of
the water was increased by adding Cs2C03. )
It was reported "In contrast to the micro-g-experiment the
coalescence happened immediately during the first injection of
glycerin with water, because... [the density of glycerin is
greater than that of amyl alcohol]. At once a similar swirl for-
mation with spreading effect started as in the micro gravity ex-
periment during the third injection. However the following
characteristic differences could be observed:
"(a) The rotation speed at the beginning rose to about 1 rps for
the swirl and to about 1.4 cm/s for the spreading speed in the
micro-g experiment, whereas the values of the g-i experiment
reached about 2 rps and 2.6 cm/s respectively, i.e. about double
the amount. The...[easiest] preliminary explanation for that be-
haviour is the assumption, that the interface tension of
12-110
water/amylalcohol will be increased by the addition of Cs2CO 3 (38
g/l) in a similar way to the surface tension of the pure water.
Therefore the decrease of the interface tension will be much
stronger by the mixing of water with glycerin when Cs2CO 3 was
added to the water than without any Cs2CO 3 content.
"(b) The second and third injection in the g-i experiment did not
lead to interfacial convection, because the interface had been
covered totally with a glycerin-water diffusion layer after the
decay of the swirls and of the spreading flow from the first in-
jection ....
"(c) As a whole, the acting interfacial-energetic equilibration
processes under micro gravital[sic] condition could be observed
in a much more undisturbed manner than under gravity condi-
tion ....
"(d) In the heating experiment under g=l one could see that the
normal thermal convection dominated; however, the spreading flow
with some swirls, caused by the local temperature increase in the
interface, was observable, too but the effects were much weaker
than in the microgravity experiment .... " (2, pp. 117-118)
Among the conclusions were (i) the experiments illustrated the
expected low gravity fluid behavior, (2) interfacial-energetic
equilibration processes can "produce remarkable transport ac-
tions, especially under micro-g conditions .... ', (2, p. 118), and
(3) spreading and swirling effects were illustrated more clearly
during the rocket flight because they were not influenced by the
effect of gravity.
Key Words- Fluid Physics, Immiscible Fluids, Organic Systems,
Surface Tension, Surface Tension-Driven Convection, Marangoni
Convection, Convection at the Interface, Thermocapillary Convec-
tion, Buoyancy Effects Diminished, Mass Transfer, Solubility, In-
terface Shapes, Interface Stability, Liquid/Liquid Interface,
Solid/Liquid Interface, Interface Phenomena, Interracial Energy,
Interfacial Tension, Interfacial Curvature, Surface Tension
Gradients, Solutal Gradients, Density Difference, Concentration
Distribution, Drops, Drop Formation, Droplet Injection, Liquid
Expulsion Through a Small Orifice, Wetting, Wetting of Container,
Contact Angle, Contained Fluids, Liquid Reservoir, Coated Sur-
faces, Hydrodynamics, Vehicle Re-Entry Forces/Vibration,
Schlieren Viewing
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Number of Samples: one experiment cell
sample Materlals: glycerin, water, amy1 a_ohol
Container Materials: Shutter: Teflon _'* ("The top of the...
[shutter] was made of... steel.., to prevent a total wetting of
the... [shutter] by the organic liquids .... " (2, p. 114)); ex-
periment cell: glass. ("The upper half of the glass windows were
coated with silicon to obtain a flat interface; because the wet-
tability of pure glass by water is better than by
amylalcohol[sic]." (2, p. 114))
Experlment/Material Applications:
Such research is applicable to the study of corrosion, liquid
mixing, liquid extraction, and liquid transition.
References/Applicable Publlcations:
(1) Br_ckner, R.: Fundamental Experiments on Interracial
Convection; Project TEXUS I and II. In Proceedings of the 3rd
European Symposium on Material Sciences in Space, Grenoble,
1980, pp. 267-272. (post-flight, TEXUS 1,2)
(2) Br_ckner, R.: Interfacial Convection. Shuttle/Spacelab
Utilization Final Report, Project TEXUS II, 1978, pp. 109-120.
(post-flight)
(3) Br_ckner, R.: Interfacial Convection Under Reduced Gravity.
Spacelab Payload Materials Science and Processing in Space, 1980,
pp. 87-95. (TEXUS 1,2)
(4) Input received from Principal Investigator R. Br_ckner, May
1988 and July 1993.
(5) Interracial Convection. In Summary Review of Sounding Rocket
Experiments in Fluid Science and Materials Sciences, ESA SP-I132,
February 1991, pp. 38-39. (post-flight)
Contact(s):
Prof. Dr. R. Br_ckner
Institut far Nichmetallische Werkstoffe
der Technischen Universit_t Berlin
Anorganische Werkstoffe
Englische Strasse 20
D-IO00 Berlin 12
Germany
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PrlncIpal Investlgator(s}: Br_ckner, R. (1)
Co-Investlgator(s): None
Affillatlon(s): (1) Institute for Non-Metallic Materials, Techni-
cal University, Berlin, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 3
Launch Date/Expt. Date: April 1980
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUSExperiment Module TEM 06-1: An experi-
ment cell equipped with a shutter contained the employed fluids.
A schlieren-optical setup allowed observation of the interface
phenomena.
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Diffusion-Induced Interracial Convection
This TEXUS 3 experiment was the third in a series of investiga-
tions designed by Br_ckner to study convective mass transfer
driven by an interracial tension gradient (see Br_ckner, TEXUS 1;
TEXUS 2).
A description of the TEXUS 3 experimental setup and in-flight ex-
periment procedure was not presented.
Reportedly, TEXUS 3 did not achieve the desired low-gravity level
due to a rocket despin failure. Documentation detailing any
results of this TEXUS 3 experiment could not be located at this
time.
The experiment was reflown on TEXUS 3b (see Br_ckner, TEXUS 3b).
Key Words: Fluid Physics, Mass Transfer, Diffusion, Liquid/Liquid
Interface, Interface Phenomena, Interracial Tension, Surface Ten-
sion, Surface Tension Gradients, Surface Tension-Driven Convec-
tion, Marangoni Convection, Convection at the Interface, Con-
tained Fluids, Liquid Reservoir, Acceleration Effects, Rocket
Despin Failure
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Number of Samples: unknown
Sample Materials: unknown
Container Materials: unknown
Experiment/Material Applications:
See Br_ckner, TEXUS i.
References/Applicable Publications:
(1) Greger, G: TEXUS and MIKROBA and Their Effectiveness and Ex-
perimental Results. Presented at In Space '87, October 13-14,
1987, Japan Space Utilization Promotion Center (JSUP) .
(identifies rocket failure)
(2) Input received from Principal Investigator R. Br_ckner, May
1988 and July 1993.
Contact(s):
Prof. Dr. R. Br_ckner
Institut f_rNichmetallische Werkstoffe
der Technischen Universit_t Berlin
Anorganische Werkstoffe
Englische Strasse 20
D-1000 Berlin 12
Germany
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Principal Investigator(s): Br_ckner, R. (1)
Co-Investigator(s): None
Affiliation(s): (1) Institute for Non-Metallic Materials, Techni-
cal University, Berlin, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 3b
Launch Date/Expt. Date: April 1981
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module: TEM 06-1: An ex-
periment cell equipped with a shutter contained the employed
fluids. A schlieren-optical setup allowed observation of the in-
terface phenomena.
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Diffusion-Induced Interfacial Convection
This TEXUS 3b experiment was the fourth in a series of investiga-
tions designed by Br_ckner to study convective mass transfer
driven by an interfacial tension gradient (see Br_ckner, TEXUS i,
TEXUS 2, TEXUS 3). The specific objectives of the research were
to (i) investigate fluid/fluid interface instabilities caused by
interface concentration gradients (during transfer of a solute
from one liquid into another) and (2) compare the observed in-
stabilities to the theoretical predictions of Sternling and
Scriven.
Prior to the initiation of the experiment, a Teflon TM shutter
within the experiment cell separated two immiscible fluids: (i)
68.6 vol% of component C (acetone) dissolved in 31.4 vol% com-
ponent A (toluene) and (2) an equal volume of component B
(water). (The acetone-toluene mixture was expressed symbolically
by A(C) .)
During the low-gravity coasting phase of the rocket, the shutter
was withdrawn and the two immiscible fluids were brought into
contact. (The shutter had "...a steel tip to avoid the preferen-
tial wetting of the teflon by one of the liquids." (3, p. 40))
Component C then crossed the interface and was dissolved in B
(symbolically expressed by B(C)). (Accordingly, the phase bound-
ary moves in the A direction.) Reportedly, "Although not in the
centre of the cell, the interface formed was reasonably plane. A
strong initial interfacial convection was induced, which lasted
43 s and suddenly stopped. 79 s later, interfacial convection
occurred in steps. Periods of intense activity alternated with
relatively long periods of almost no activity. The pseudo-
periodic transfer of matter was driven by the Marangoni effect.
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It led to a concentration of acetone of 24 vol % in water at the
end of the microgravity period, and the interface progressed
towards the toluene." (3, p. 40)
Reportedly, according to theorists Sternling and Scriven, convec-
tive transport is possible only when the following conditions are
fulfilled:
C C C C
D / D < 1 < V / V and d(gamma) / dc
A B A B C
< o. (i)
C C
Where D and D are diffusion coefficients of C in A and C in B,
A B
C C
v , v are kinematic viscosities,
A B
gamma is the interface tension between A(C) and B(C),
and c is the concentration of component C.
C
According to equation (i), the low-gravity created interface
should have been stable. It was reported above, however, that
interface convection (attributed to the concentration gradient)
was observed. Thus, it was concluded that the Sternling-Scriven
conditions are not always valid.
"In a similar experiment carried out on Earth, the transfer of
acetone after the decay of the perturbations induced by the
retraction of the partition was only driven by diffusion since
the configuration was stable with respect to the density dif-
ferences." (3, p. 40)
Key Words: Fluid Physics, Immiscible Fluids, Organic Systems,
Liquid/Liquid Interface, Interface Stability, Interface Physics,
Interfacial Tension, Interface Phenomena, Hydrodynamics, Mass
Transfer, Surface Tension, Surface Tension Gradients, Surface
Tension-Driven Convection, Marangoni Convection, Convection at
the Interface, Diffusion, Diffusion Coefficient, Solutal
Gradients, Density Difference, Wetting of Container, Contained
Fluids, Liquid Reservoir, Schlieren Viewing
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Number of Samples one experiment cell
Sample Materials: Fluids: 31.4 vol% toluene, 68.6 vol % acetone,
water
Container Materials: shutter: Teflon TM with steel tip; experiment
cell: unknown, possibly glass
Experiment/Material Applications:
See Br_ckner, TEXUS i.
References/Applicable Publications:
(i) BrOckner, R.: Nuere Ergebnisse Ober die Grenzfl_chen Konvek-
tion unter lg-und _g- Beohingungen. In: Spacelab-Nutzung,
Status-Seminar 1981 des BMFT; Deutsche Gesellschaft f_r Luft-und
Raumfahrt e.V., S. 57-73, Publ. 1982. (TEXUS 3, 3b, 4)
(2) Input received from Principal Investigator R. BrOckner, May
1988 and July 1993.
(3) Diffusion Induced Interfacial Convection. In Summary Review
of Sounding Rocket Experiments in Fluid Science and Materials
Sciences, ESA SP-I132, February 1991, pp. 40-41. (post-flight)
Contact(s):
Prof. Dr. R. Br_ckner
Institut f_r Nichmetallische Werkstoffe
der Technischen Universit_t Berlin
Anorganische Werkstoffe
Englische Strasse 20
D-1000 Berlin 12
Germany
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Princlpal Investigator(s): Br_ckner, R. (i)
Co-Investigator(s): None
Affillation(s): (1) Institute for Non-Metallic Materials, Techni-
cal University, Berlin, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 4
Launch Date/Expt. Date: May 1981
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-1: An experi-
ment cell (28 mm high, 30 mm wide and 10 mm deep) equipped with a
shutter contained the employed fluids. A He-Ne laser differen-
tial interferometer, coupled with a 16 mm camera, allowed obser-
vation of the cell.
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Temperature-Gradient Induced Interfacial Convection
This TEXUS 4 experiment was the fifth in a series of investiga-
tions designed by Br_ckner to study convective mass transfer
driven by an interfacial tension gradient (see Br_ckner, TEXUS i,
TEXUS 2, TEXUS 3, TEXUS 3b). The specific objectives of the re-
search were to (i) observe thermally induced Marangoni convection
(resulting at the boundary between two immiscible fluids) and (2)
compare the resultant convective flow with theoretical predict-
ions.
Prior to the initiation of the experiment, a shutter separated
equal volumes of water and n-dodecane within the experiment cell.
During the experiment (prior to the removal of the shutter), (i)
convection in the fluids generated by the launch and despin of
the rocket were allowed to decay (during the initial 180 seconds
of low-gravity time), and (2) a linear temperature gradient was
imposed on the system (to initiate and sustain the interfacial
Marangoni flow). "One lateral wall was heated in order to achieve
a temperature difference of 30 °C across the cell." (3, p. 42)
The shutter separating the two immiscible fluids was then to be
removed, bringing the liquids into contact.
It was reported that although an exact linear temperature profile
was obtained in each liquid 240 seconds after launch, the shutter
separating the two fluids was not removed as planned, Thus,
thermally induced convective flow was not observed. However, in-
terferograms, documented using a He-Ne differential inter-
ferometer and a 16 mm camera, "...showed that the establishment
of a linear thermal gradient required about i00 s whereas numeri-
cal simulations indicated that the convection in the liquids was
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damped about 15 s after the beginning of the microgravity
period .... The time needed for the establishment of a linear
temperature profile is therefore the determining factor for the
timing of such experiments," (3, p. 42)
During similar ground-based experiments (with the shutter
successfully removed) a temperature difference of 30 K was estab-
lished between the hot and cold wall of the cell, and Marangoni
flow was observed.
Key Words: Fluid Physics, Immiscible Fluids, Liquid/Liquid Inter-
face, Solid/Liquid Interface, Interfacial Tension, Interface
Phenomena, Surface Tension, Surface Tension-Driven Convection,
Surface Tension Gradients, Marangoni Convection, Thermocapillary
Convection, Convection at the Interface, Fluid Motion Damping,
Liquid Dynamic Response, Mass Transfer, Diffusion, Thermal
Gradient, Contained Fluids, Liquid Reservoir, Interferometric
Measurement, Acceleration Effects, Hardware Malfunction
Number of Samples: one experiment cell
Sample Materials: water, n-dodecane
Container Materials: The front and back walls of the experiment
cell were made of optical glass. The compositions of the other
walls were not detailed.
Experiment/Material Applications:
See Br_ckner, TEXUS 1
References/Applicable Publications=
(i) Br_ckner, R.: Neuere Ergebnisse _ber die Grenzfl_chen Konvek-
tion unter lg- und #g- Bedhingungen. In: Spacelab-Nutzung,
Status-Seminar 1981 des BMFT; Deutsche Gesellschaft f_r Luft-und
Raumfahrt e.V., S. 57-73, Publ. 1982. (TEXUS 3, 3b, 4)
(2) Input received from Principal Investigator R. Br_ckner, May
1988 and July 1993.
(3) Thermally Induced Interfacial Convection. In Summary Review
of Sounding Rocket Experiments in Fluid Science and Materials
Sciences, ESA SP-I132, February 1991, pp. 42-43. (post-flight)
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Contact(s):
Prof. Dr. R. Br_ckner
Institut f_r Nichmetallische Werkstoffe
der Technischen Universit_t Berlin
Anorganische Werkstoffe
Englische Strasse 20
D-1000 Berlin 12
Germany
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Prln=ipal Investlgator(s): Br_ckner, R. (1), Christ, H. (2)
Co-Investigator(s): None
Affiliatlon(s): (1,2) Institute for Non-Metallic Materials, Tech-
nical University, Berlin, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 6
Launch Date/Expt. Date: May 1982
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-6: An experi-
ment cell equipped with a shutter contained the employed fluids.
A differential interferometer, coupled with a 16 mm camera, al-
lowed observation of the experiment cell.
Builder of Processing Faaility: ERNO, Bremen, Germany
Experiment:
Thermally-Induced Interface Convection
This TEXUS 6 experiment was the sixth in a series of investiga-
tions designed by Br_ckner et al. to study convective mass trans-
fer driven by an interfacial tension gradient (see Br_ckner,
TEXUS i, TEXUS 2, TEXUS 3, TEXUS 3b, TEXUS 4). The specific ob-
jective of the experiment was to study thermally induced Maran-
goni convection (resulting at the boundary between two immiscible
fluids).
A rectangular glass cuvette contained the two immiscible fluids:
water and n-Dodecane. The fluids within this cuvette were (i)
separated prior to the initiation of the experiment by a shutter,
and (2) brought into contact as the shutter was removed. When a
linear thermal gradient (delta T = 25 °C) was applied parallel to
the interface during the mission, convective motion was recorded
by means of an interferometer and a motion picture camera.
It was reported that very little flow due to the interface tem-
perature gradient could be observed and that the interference
patterns (attained via a differential interferometer) were
"weak." These weak patterns hampered quantitative analysis sup-
ported by computer simulation. It was concluded that a better
theoretical treatment combined with additional experiments
(applying larger thermal gradients) were needed.
12-I_I
Key Words: Fluid Physics, Immiscible Fluids, Liquid/Liquid Inter-
face, Interfacial Tension, Surface Tension, Surface Tension-
Driven Convection, Marangoni Convection, Thermocapillary Convec-
tion, Convection at the Interface, Mass Transfer, Thermal
Gradient, Contained Fluids, Liquid Reservoir, Solid/Liquid Inter-
face, Interferometric Measurement
Number of Samples: one experiment cell
Sample Materials: water, n-Dodecane
Container Materials: Fluid container: glass cuvette; shutter
material: unspecified
Experiment/Material Applications:
See Br_ckner, TEXUS i.
References/Applicable publications:
(I) Br_ckner, R. and Christ, H.: Final Report TEXUS V/VI, DFVLR-
BPT, 1982. <Note: This document was not available to the editors
at the time of the experiment summary was written.>
(2) Input received from Principal Investigator R. Br_ckner,
May 1988, July 1993.
Contact(s):
Prof. Dr. R. Br_ckner
Institute f_r Nichmetallische Werkstoffe
der Technischen Universit_t Berlin
Anorganische Werkstoffe
Englische Strasse 20
D-1000 Berlin 12
Germany
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Principal Investigator(s): Br_ckner, R. (i), Christ, H. (2)
Co-Investigator(s}: None
Affiliation(s): (1,2) Institute for Non-Metallic Materials, Tech-
nical University, Berlin, Germany
Experiment origin: Federal Republic of Germany
Mission: TEXUS 8
Launch Date/Expt. Date: May 1983
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-1: An experi-
ment cell equipped with a shutter contained the employed fluids.
A schlieren-optical setup allowed observation of the interface
phenomena.
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Diffusion-Induced Interface Convection
This TEXUS 8 experiment was the seventh in a series of investiga-
tions designed by Br_ckner et al. to study convective mass trans-
fer driven by an interfacial tension gradient (see Br_ckner,
TEXUS i, TEXUS 2, TEXUS 3, TEXUS 3b, TEXUS 4, TEXUS 6). The
specific objective of this experiment was to examine the
fluid/fluid interface instabilities caused by interface con-
centration gradients.
The experiment was directly related to the earlier TEXUS 3b ex-
periment by Br_ckner. During TEXUS 3b, two immiscible fluids
((i) acetone dissolved in toluene and (2) water)) were brought
into contact during the coasting phase of the sounding rocket.
Reportedly, acetone crossed the interface and was transported
into the water.
This TEXUS 8 experiment was designed to investigate the reverse
case of TEXUS 3b. According to theory, such a transport of
acetone from a water-acetone mixture into toluol should result in
different convective modes at the interface.
Prior to the initiation of the TEXUS 8 experiment, a shutter
within the experiment cell separated (i) acetone dissolved in
water and (2) toluol. "The same acetone concentration (water-
acetone: 1-2 in volume) as in the previous experiment was chosen
in order to obtain quantitatively comparable results." (4, p. 44)
During the low-gravity coasting phase of the rocket, the shutter
was withdrawn and the two fluids were brought into contact.
Fluid flow patterns, observed using a schlieren-optical arrange-
ment, were recorded by a cine camera.
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Reportedly, acetone crossed the interface and was transported
into the toluol "...about 40 seconds after starting to move the
slide (which separated the two immiscible fluids), two eddys[sic]
formed on each side of the interface, and they grew continually.
After about 40... [seconds]... test time, one eddy on each side
of the interface was consumed by the neighboring eddy, so that in
each phase there was only one double eddy, which continued to
grow at a constant rate, until the entire cell was filled by this
double eddy and then, because of the occurring equalization of
concentration, it collapsed." (2, translated)
Reportedly, the TEXUS 8 results were qualitatively in agreement
with the theory of (i) Sternling and Scriven and (2) Sanfeld et
al. <Note: These theories are discussed further under Br_ckner,
TEXUS Ii (this chapter).> Estimates of the magnitude of vor-
tices, based on the theory of Sternling and Scriven, were also in
good agreement with experimental values. It was further reported
that this was a surprising result because while the theory was
derived for low concentrations, large concentrations were used in
the TEXUS 8 experiments.
No further information published in English was available.
Key Words: Fluid Physics, Immiscible Fluids, Organic Systems,
Liquid/Liquid Interface, Interface Stability, Hydrodynamics, Mass
Transfer, Surface Tension, Surface Tension Gradients, Interface
Phenomena, Interfacial Tension, Surface Tension-Driven Convec-
tion, Marangoni Convection, Convection at the Interface, Diffu-
sion, Solutal Gradients, Density Difference, Contained Fluids,
Liquid Reservoir, Solid/Liquid Interface, Schlieren Viewing
Number of Samples: one experiment cell
Sample Materials: acetone dissolved in water, toluol
Container Materials: unknown, possibly glass
Experiment/Material Applications:
See Br_ckner, TEXUS 1
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References/Applicable Publications:
(i) Br_ckner, R. and Christ, H.: Diffussbedingde Grenzfl_chen-
Konvektion. Final Report, TEXUS VIII, DFVLR-BPT, 1984.
(2) Br_ckner, R. and Christ, H.: Diffusion-Induced Interface Con-
vection. In TEXUS 11/12 Abschlussbericht 1985, DFVLR.
(discusses TEXUS 8 as well as TEXUS 11; in German, post-flight)
(3) Input received from Principal Investigator R. Br_ckner, May
1988 and July 1993.
(4) Diffusion-Induced Interracial Convection. In Summary Review
of Sounding Rocket Experiments in Fluid Science and Materials
Sciences, ESA SP-1132, February 1991, p. 44. (post-flight)
Contact(s):
Prof. Dr. R. Br_ckner
Institut f_r Nichmetallische Werkstoffe
der Technischen Universit_t Berlin
Anorganische Werkstoffe
Englische Strasse 20
D-1000 Berlin 12
Germany
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Principal Investigator(s): Br_ckner, R. (i), Christ, H. (2)
Co-Investigator(s): None
Affiliatlon(s): (1,2) Institute for Non-Metallic Materials, Tech-
nical University, Berlin, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS ii
Launoh Date/Expt. Date: April 1985
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-1: An experi-
ment cell equipped with a shutter contained the employed fluids.
(The experiment module had been modified since TEXUS 3b and 8 to
now include larger fluid cells.) A schlieren-optical setup al-
lowed observation of the interface phenomena.
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Diffusion-Induced Interface Convection
This TEXUS ii experiment was the eighth in a series of investiga-
tions designed by Br_ckner et al. to study convective mass trans-
fer driven by an interfacial tension gradient (see Br_ckner,
TEXUS i, TEXUS 2, TEXUS 3, TEXUS 3b, TEXUS 4, TEXUS 6, TEXUS 8).
The specific objectives of the experiment were to (i) examine
fluid/fluid interface instabilities caused by interface con-
centration gradients, and (2) clarify whether an oscillatory or
stationary interface instability exists during the material tran-
sition of acetone from water into the toluene phase.
The two earlier TEXUS experiments which examined instabilities
caused by interface concentration gradients (TEXUS 3b and 8) had
employed a high acetone concentration (66.7% by volume). During
this experiment, however, a low acetone concentration was
employed (30% by volume) to allow comparison of theoretical in-
stability criteria with experimental results.
Prior to the initiation of the TEXUS ii experiment, a shutter
within a large experiment cell separated (i) acetone and water
and (2) toluene. During the low-gravity coasting phase of the
rocket, the shutter was withdrawn and the two immiscible fluids
were brought into contact. The fluid flow patterns were observed
using a schlieren-optical system coupled with a 16 mm camera.
Reportedly, the interface which formed was 34 mm long (which was
2.5 times as long as the interface observed during the TEXUS 3b
and TEXUS 8 experiments). "The flight film shows that the inter-
face convection activity in the larger cell and at the much lower
concentration difference, proceeds quite differently than was ex-
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pected from the TEXUS 8 experiment .... [T]he flight film of the
TEXUS ii experiment showed a whole series of... [eddies] along
the interface. At the beginning of the test there is a strong
pulsating eddy over the entire length of the very smooth inter-
face, which lasts about 30... [seconds] .... With increasing test
time, the... [eddies] grow without additional, noticeable pulsa-
tion." (i, translated) Thus, the fluid system demonstrated a
violent, pulsating, interfacial convective instability at the
beginning of the experiment which transitioned to a stationary
instability. (A further discussion of the analysis of the flight
film is presented in Reference (4).)
In the l-g reference experiment, the material transition, which
was directed into the opposite direction (because of the density
stability), illustrated more intensive interfacial convection
than was seen in the low-gravity experiment.
The comparison of the low-g and l-g experiments with the in-
stability criteria of (I) Sternling and Scriven and (2) Sanfeld
et al. (with the complete data of the system acetone-toluene-
water) indicated that qualitative agreement exists only with the
low-gravity experiment. Better agreement seems to exist with the
theory of Sanfeld, et al. (however, not in a quantitative
manner). Specific publications which describe the theory are
detailed in References (i) and (2) (as listed below).
Key Words: Fluid Physics, Immiscible Fluids, Organic Systems,
Liquid/Liquid Interface, Interface Phenomena, Interfacial Ten-
sion, Interface Stability, Hydrodynamics, Mass Transfer, Surface
Tension, Surface Tension Gradients, Surface Tension-Driven Con-
vection, Marangoni Convection, Convection at the Interface, Dif-
fusion, Solutal Gradients, Density Difference, Contained Fluids,
Liquid Reservoir, Solid/Liquid Interface, Schlieren Viewing
Number of Samples: one experiment cell
Sample Materials: acetone in water, toluene
Container Materials: unknown, possibly glass
Experiment/Material &pplicationsz
See Br_ckner, TEXUS i.
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References/Applicable Publioationsz
(i) Br_ckner, R. and Christ, H.: Diffusion Induced Interface
Convection. In TEXUS 11/12 Abschlussbericht 1985, German Publi-
cation, 1985. (post-flight, in German)
(2) Christ, H.: Grenzfl_chen Konvektion unter ig- und _g- Bedin-
gungen. Diss. D83, Berlin, 1987. (A Ph.D. thesis discussing all
the space experiments and many terrestrial experiments, measure-
ments of material properties and proofing theories)
(3) Input received from Principal Investigator R. Br_ckner,
May 1988 and July 1993.
(4) Diffusion-Induced Interfacial Convection. In Summary Review
of Sounding Rocket Experiments in Fluid Science and Materials
Sciences, ESA SP-I132, February 1991, pp. 46-47. (post-flight)
Contact(s):
Prof. Dr. R. Br_ckner
Institut f_r Nichmetallische Werkstoffe
der Technischen Universit_t Berlin
Anorganische Werkstoffe
Englische Strasse 20
D-1000 Berlin 12
Germany
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Prinolpal Investlgator(s): Chun, Ch.-H. (1), Wuest, W. (2)
Co-Investlgator(s): None
Affiliation(s}: (1,2) Deutsche Forschungs-und Versuchsanstalt fur
Luft-und Raumfahrt (DFVLR)-AVA, G6ttingen, Germany <Note: The
DFVLR is now called the Deutsche Forschungsanstalt fur Luft-und
Raumfahrt (DLR).>
<Note: Chun is currently working part-time at Pohang University,
South Korea.>
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 3
Launch Date/Expt. Date: April 1980
Launohed From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-4
Builder of Processing Facility: DFVLR, AVA, G6ttingen, Germany
Experiment:
Maranqoni Convection in Float Zones
This TEXUS 3 sounding rocket experiment was the first in a series
of investigations designed by Chun et al. to study thermally in-
duced Marangoni convection within a liquid bridge.
Reportedly, due to a rocket despin failure, TEXUS 3 did not
achieve the desired low-gravity level. The experiment was
reflown on TEXUS 3b (see Chun, TEXUS 3b).
Documentation concerning the results of this TEXUS 3 experiment
does not appear to be available.
Key Words: Fluid Physics, Liquid Bridges, Free Surface, Surface
Tension, Surface Tension-Driven Convection, Marangoni Convection,
Thermocapillary Convection, Heat and Mass Transfer, Thermal
Gradient, Liquid/Gas Interface, Containerless Processing Applica-
tions, Acceleration Effects, Rocket Despin Failure
Number of Samples: unknown
Sample Materlals: Unknown
Container Materials: unknown
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Experlment/Material Applications:
See Chun, TEXUS 3b (this chapter).
References/Applicable Publications:
(1) Greger, G: TEXUS and MIKROBA and Their Effectiveness and Ex-
perimental Results. Presented at In Space '87, October 13-14,
1987, Japan Space Utilization Promotion Center (JSUP) .
(identifies rocket failure)
(2) Input received from Experiment Investigator, May 1988 and
August 1993.
Contact{s):
Dr. Ch.-H. Chun, Prof. Dr. Walter Wuest
DLR, SM-ES
Bunsenstrasse I0
D-37073 G_ttingen
Germany
<Note: Chun's South Korean address is unclear at this time.>
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Principal Investigator(s): Chun, Ch.-H. (1), Wuest, W. (2)
Co-Investigator(s}: None
Affillation(s): (1,2) Deutsche Forschungs-und Versuchsanstalt fur
Luft-und Raumfahrt (DFVLR)-AVA, G6ttingen, Germany <Note: The
DFVLR is now called the Deutsche Forschungsanstalt f_r Luft-und
Raumfahrt (DLR).>
<Note: Chun is currently working part-time at Pohang University,
South Korea.>
Experiment origin: Federal Republic of Germany
Missions TEXUS 3b
Launch Date/Expt. Date: April 1981
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-4: Marangoni
Chamber (A liquid bridge was formed between two coaxial copper
disks.)
Builder of Processing Facility: DFVLR-AVA, G6ttingen, Germany
Experiment:
Maranqoni Convection in Float Zones
This TEXUS 3b sounding rocket experiment was the second in a
series of investigations designed by Chun et al. to study ther-
mally induced Marangoni convection within a liquid bridge (see
Chun, TEXUS 3). Reportedly, visualization of such Marangoni con-
vection had not yet been realized in a reduced-gravity environ-
ment.
During the low-gravity phase of the flight, a 10 mm long, 10 nun
diameter, silicone oil liquid bridge was formed between two co-
axial copper disks. (The oil contained Ti and TiO 2 tracer par-
ticles to permit visualization of the convective flow pattern.)
Fifteen seconds after formation of the bridge, one of the disks
was heated, subjecting the column to a constant temperature dif-
ference (TI-T2) of 7.82 K. After approximately 150 seconds, a
higher temperature difference of 18.9 K was implemented across
the bridge for approximately 200 seconds. Reportedly, these two
temperature differences with_ the chose_ system corresponded to
Marangoni numbers of "6.10 _ and 16.10_, '' respectively. The
resultant convective flow field was illuminated by a laser beam
(0.1 mm thick). The beam illuminated a meridian plane of the
bridge which was filmed by a 16 mm camera. Because the frame
speed was known, flow velocities could be ascertained from the
film by following tracers within the bridge.
Reportedly, the thermal gradient extending across the free sur-
face of the bridge initiated an axisymmetric steady Marangoni
flow pattern. <Note: It is not clear at what temperature dif-
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ference this Marangoni flow was first observed.> It was further
reported that "Although particles had a tendency to stick to the
rods, they allowed the visualization of the convective flows in
the floating zone. A thin thermal boundary layer could be ob-
served along the gas/liquid interface (Marangoni layer). In the
case of the high thermal gradient, two velocity maxima could be
measured near the hot and the cold ends of the zone. This was in
agreement with theoretical [finite difference solution] predict-
ions. A small corner vortex embedded in the large vortex could
also be clearly observed." (9, p. 56)
Reference (i) details the computational efforts.
<Note: Not all the references as listed below were available for
review by the editors.>
Key Words: Fluid Physics, Liquid Bridges, Free Surface, Surface
Tension, Surface Tension-Driven Convection, Marangoni Convection,
Thermocapillary Convection, Heat Transfer, Thermal Gradient, Vis-
cosity, Flow Velocity, Tracer Particles, Liquid/Gas Interface,
Solid/Liquid Interface, Containerless Processing Applications
Number of Samples: One liquid bridge across which was placed two
separate temperature differences.
Sample Materials: silicone oil (AK I0)
Container Materials: Not applicable. (The bridge was formed be-
tween two copper coaxial disks.)
Experiment/Material Applications:
In the reduced gravity environment, Marangoni convection is often
the dominating convective force in free surface experiments.
Thermal or solutal gradients along the surface result in interfa-
cial temperature gradients which drive this gravity-independent
flow. If low-gravity production of new/or high quality materials
by floating zone processes is to be realized, the importance and
control of such convective forces must be understood.
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References/Appllaable Publications:
(1) Chun, Ch.-H.: Numerical Study on the Thermal Marangoni Con-
vection and Comparison with Experimental Results from the TEXUS
Rocket Program. 33rd International Astronautical Congress,
Paris, France, September 27-October 2, 1982, Paper #82-155, 6 pp.
(post-flight)
(2) Chun, Ch.-H. and Wuest, W.: A Micro-Gravity Simulation of the
Marangoni Convection. 28th International Astronautical Federa-
tion, International Astronautical Congress, Prague, Czechos-
lovakia, September 25-October i, 1977, 9 pp., IAF Paper #77-203.
(3) Chun, Ch.-H. and Wuest, W.: Experiments on the Transition
from Steady to Oscillatory Marangoni Convection in a Floating
Zone Under Reduced Gravity Effect. Acta Astronautica, 1073
(1979), 6 pp. (no sounding rocket results)
(4) Chun, Ch.-H. and Wuest, W.: Thermische Marangonikonvektion
in einer Schwebezone-#g Experiment wahrend des Raketenfluges von
TEXUS IIIb. Zeitschrift fur Flugwiss. und Weltraumforsch. (ZFW),
1982. <Note: The current publication status of this document is
unclear. It was supposed to be published as of 1982.>
(5) Chun, Ch.-H.: Marangoni Convection in a Floating Zone Under
Reduced Gravity. Journal of Crystal Growth, 48 (1980), pp. 600-
610. (preflight computational analysis)
(6) Input received from Experiment Investigator, May 1988 and
August 1993.
(7) Chun, Ch.-H. and Wuest, W.: Flow Phenomena in Rotating
Floating Zones with and without Marangoni Convection. Proc. of
3rd European Symposium on Material Sciences in Space, Grenoble,
April 24-27, 1979, ESA SP-142 (June 1979). (preflight computa-
tional analysis)
(8) Chun, Ch.-H. and Wuest, W.: Correlation of Oscillations of
Flow and Temperature in Floating Zone Under Microgravity. Adv.
Space Res., Vol. i, pp. 17-20. (appears to be preflight computa-
tional analysis)
(9) Thermal Marangoni Convection in a Floating Zone. In Summary
Review of Sounding Rocket Experiments in Fluid Science and
Materials Sciences, ESA SP-I132, February 1991, pp. 56-57.
(post-flight)
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Contact (s) :
Dr. Ch.-H. Chun, Prof. Dr. Walter Wuest
DLR, SM-ES
Bunsenstrasse i0
D-37073 G6ttingen
Germany
<Note: Chun's South Korean address is unclear at this time.>
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Princlpal Investigator(s): Chun, Ch.-H. (i), Wuest, W. (2)
Co-Investigator(s): None
Affiliation(s): (1,2) Deutsche Forschungs-und Versuchsanstalt fur
Luft-und Raumfahrt (DFVLR)-AVA, G6ttingen, Germany <Note: The
DFVLR is now called the Deutsche Forschungsanstalt fur Luft- und
Raumfahrt (DLR).>
<Note: Chun is currently working part-time at Pohang University,
South Korea>
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 7
Launch Date/Expt. Date: May 1983
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-4. The
module contained several items including (1) an experiment cham-
ber to create a liquid bridge between two coaxial copper disks
and (2) a light cut illumination unit with He-Ne laser.
Builder of Processing Facility: DFVLR-AVA, G6ttingen, Germany
Experiment:
Oscillatory Maranqoni Convection in Float Zones
This TEXUS 7 sounding rocket experiment was the third in a series
of experiments designed by Chun et al. to study thermally induced
Marangoni convection within a liquid bridge (see Chun, TEXUS 3,
TEXUS 3b). While steady, thermal Marangoni convection had been
observed on TEXUS 3b, it was expected that such steady convection
would have become "...oscillatory-instable[sic] if a certain
threshold of the temperature difference... [delta]T, between the
top and bottom side of the cylindrical column... [had been]
exceeded." (i, p. 271)
Different theories explaining the transition to oscillatory, con-
vective flows are available, one of which is briefly described in
Reference (1). Essentially, the theory (which is a model of the
physical mechanism of the instability) suggests that the transi-
tion is related to the Marangoni number and floating zone aspect
ratio.
Thus, the objectives of this experiment were:
(i) To examine liquid bridges whose corresponding Marangoni num-
bers were far beyond the critical values at which the onset of
oscillatory instabilities were expected to occur.
(2) To observe the oscillatory convection in the liquid bridge
and determine if the oscillatory state progresses to a turbulent
state.
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(3) To study the role of the liquid column aspect ratio on (a)
the turbulent transition and (b) the column stability.
The TEXUS 7 liquid bridge apparatus consisted of two, co-axial,
i0 mm diameter copper disks, between which liquid bridges of
methanol could be formed. One of the disks could be heated, im-
posing the necessary thermal gradient across the bridge to in-
itiate the Marangoni convection. Two thermocouples, attached to
the unheated copper disk, extended into the liquid bridge to
measure temperature fluctuations. Flow visualization of the
bridge's meridian plane was possible using a light-cut illumina-
tion unit with a He-Ne laser, an imaging optic and a 16 mm movie
camera. Visualization of the fluid flow was made possible by a
suspension of titanium metal powder in the methanol.
Prior to the start of the experiment, the copper disks were in
contact with each other. During the rocket flight, methanol was
delivered through a hole in the middle of one of the disks as it
was retracted, and a liquid bridge was formed between the disks.
In the first part of the experiment, the disk was retracted 3.3
mm. Approximately 50 seconds later, one of the disks was heated,
subjecting the bridge to a constant temperature difference of 7.6
K (Marangoni number = 9.4 X i0 ") Such temperature and aspect
ratio parameters resulted in a periodic temperature fluctuation
of the system. An oscillating flow was demonstrated by "...the
up-and downwards oscillating Marangoni vortex near the free sur-
face of [the] liquid column." (i, p. 276) Reportedly, "...a
regular oscillatory flow was detected with three distinct
frequencies (0.59, 0.86 and 1.16 Hz)." (5, p. 58)
In the second part of the experiment, the disk was further
retracted to i0 mm. "While the liquid column... [was] extended
the Marangoni vortices penetrate[d] into the middle of the column
and... [when the disk had been retracted to 10mm (i/d=l.0),] the
whole volume of the column... [was] seized by the flow. In this
phase a small bubble of about 1 mm diameter appears in the
column .... "
"For the enlarged column... [delta] T... [was] kept... [at] the
same value of 7.6K .... The only thing changed... [was] the
aspect ratio from 0.33 to 1.0. The effect of the aspect ratio
change... [was] really striking; the temperature signals T_, and
T ..... [ceased] to oscillate and exhibit[ed] no perlodlcl_y.. __
[_he convection... [became] non-periodic in consequence of the
large aspect ratio.., the visualized flow pattern on [the]
meridian plane of the column... [showed] clearly the non-periodic
turbulent character of the convection .... " (i, pp. 276-277) As
the temperature difference /was increased from 7.6 K to i0 K
(Marangoni number = 1.25 X I0_ "...full turbulent convection with
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large scale structure fluctuations exhibiting non-periodic three
dimensional flow..." was visualized.
Key Words: Fluid Physics, Liquid Bridges, Liquid Bridge
Stability, Free Surface, Liquid Stability, Fluid Oscillation, Os-
cillation Modes, Surface Tension-Driven Convection, Marangoni
Convection, Oscillatory Marangoni Convection, Thermocapillary
Convection, Time Dependent Thermocapillary Flow, Steady to Oscil-
latory Convective Transition, Heat Transfer, Thermal Gradient,
Turbulent Flow, Liquid Transfer, Liquid Expulsion Through a Small
Orifice, Bubbles, Bubble Formation, Tracer Particles, Liquid/Gas
Interface, Aspect Ratio, Containerless Processing Applications
Number of Samples: one
Sample Materials: methanol with titanium metal powder
Container Materlals: The bridge was formed between two copper
disks.
Experiment/Material Applications:
Methanol was employed as the test liquid in this study because
its properties, coupled with the experimental parameters,
resulted in the desired oscillatory Marangoni numbers.
Additional applications can be found under Chun, TEXUS 3b.
References/Appllcable Publications:
(1) Ch.-H. Chun: Verification of Turbulence Developing from the
Oscillatory Marangoni Convection in a Liquid Column. In Proceed-
ings of the 5th European Symposium on Material Sciences Under
Microgravity, Results of Spacelab i, Schloss, Elmau, November 5-
7, 1984, ESA SP-222, pp. 271-280.
(2) Chun, Ch.-H. and Wuest, W.: Correlation of Oscillations of
Flow and Temperature in Floating Zone Under Microgravity. Adv.
Space Res., Vol. i, pp. 17-20. (preflight computational
analysis)
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(3) Chun, Ch.-H.: Marangoni Convection in a Floating Zone Under
Reduced Gravity. Journal of Crystal Growth, 48 (1980), pp. 600-
610. (preflight computational analysis)
(4) Input received from Experiment Investigator, May 1988 and
August 1993.
(5) Oscillatory and Turbulent Flow Regimes Due to Marangoni Con-
vection. In Summary Review of Sounding Rocket Experiments in
Fluid Science and Materials Sciences, ESA SP-II32, February 1991,
pp. 58-59. (post-flight)
Contact(s):
Dr. Ch.-H. Chun, Prof. Dr. Walter Wuest
DLR, SM-ES
Bunsenstrasse i0
D-37073 G6ttingen
Germany
<Note: Chun's South Korean address is unclear at this time.>
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Principal Investigator(s): Schwabe, D. (i), Scharmann, A. (2)
Co-Investigator(s): Preisser, F. (3)
Affiliation(s): (1-3) Justus-Liebig-Universit_t Giessen, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 3
Launch Date/Expt. Date: April 1980
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-1: a single
NaNO 3 sample was configured between two graphite cylinders. A
temperature difference was imposed across the sample.
Builder of Processing Facility: TEM 06-1 was built by ERNO,
Bremen, Germany; the sample experiment cell was built by Justus-
Liebig-Universit_t Giessen, Germany.
Experiment:
Critical Marangoni Number--Temperature Oscillations in Float
Zones
Thermal or solutal gradients within a float zone system tend to
drive two types of convective flow: (i) gravity-dependent,
buoyancy-driven flow and (2) gravity-independent, surface
tension-driven flow. On Earth, the gravity-dependent flow often
masks the underlying contribution of other fluid dynamic
phenomena to the system. In a low-gravity environment, the over-
whelming effects of buoyancy-driven convection are reduced, al-
lowing a closer examination of the role of surface tension
forces.
The primary surface tension-driven force in a float zone is known
as Marangoni convection. Thermal (or solutal) gradients along
the free surface of the float zone drive the Marangoni flow. The
flow results because fluid elements on the free surface with a
low surface tension (usually corresponding to a hotter
temperature) tend to flow to fluid areas of higher surface ten-
sion (usually corresponding to colder temperatures). In a low-
gravity environment, this surface tension-driven convection will
be a significant force in the fluid dynamics of the zone. Be-
cause the float zone process is one in which a material is melted
and then resolidified, axial and longitudinal thermal (and
solutal) gradients are sure to exist in the zone acting as
drivers of this convective flow. Moreover, the Marangoni convec-
tion can become time dependent, often producing oscillatory tem-
perature gradients within the system and thus reducing the com-
positional homogeneity of the processed crystal.
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This TEXUS 3 experiment was the first in a series of investiga-
tions designed by Schwabe et al. to examine oscillatory, ther-
mocapillary Marangoni convection in a float zone. The specific
objective of the experiment was to determine if oscillatory
Marangoni convection would occur in the low-gravity environment.
The experiment chamber housed a single, 6-mm diameter, 4.0-mm
long NaNO 3 sample. <Note: Reference (i), p. 185, indicates that
the zone length was 3.4 mm, while Reference (5) indicates that
the length was 4.0 mm. The Principal Investigator verified the
4.0-mm length.> The sample was configured between two graphite
cylinders, which could be independently heated and controlled.
Two thermocouples measured the temperature distribution in the
zone. The first thermocouple was inserted into the zone through
one of the graphite cylinders (in an effort to avoid disturbances
of the free surface). The second thermocouple appears to have
been located at one of the zone ends on the graphite rod heater.
A pyrolytic coating was placed on the graphite resulting in a
melt/cylinder contact angle of approximately 90 ° , and steps were
taken to suppress the convection of the air surrounding the
sample.
Because the NaNO_ melt is transparent, direct visualization of
the flow is posslble by monitoring the motion of small spheres
within the fluid. It appears that the ground-based experimental
setup was configured with (i) an illumination system which
provided a vertical light cut to illuminate the particles and (2)
a camera to document the flow field. (Such photographs require
correction because the cylindrical zone creates a lens effect.)
However, the actual TEXUS 3 hardware did not employ such a
visualization/camera system.
During the mission, two critical temperature differences were
placed across the graphite heaters (delta T = 40 K and delta T =
90 K). Each temperature difference was applied for approximately
1 minute.
Post-flight it was reported that "Unfortunately TEXUS IIIa failed
to despin to the desired low value, and a rest spin of ap-
proximately I... [+/-] 0.i Hz remained during the ballistic
phase. Therefore... [the] floating zone, being located 14 cm off
the axis of the rocket, experienced a centrifugal force perpen-
dicular to the zone axis of about 0.4g." (i, p. 185)
Analysis of the flight data from the thermocouple in the molten
NaNO 3 bridge demonstrated thermal oscillations in the zone and
indicated that both temperature differences resulted in oscil-
latory convection. Similar ground-based experiments of the NaNO 3
system at the same temperature differences also demonstrated the
oscillatory behavior. Further, the same frequency of oscillation
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(0.75 Hz) occurred for both l-g and low-gravity samples for both
temperature differences. It was very interesting to note that
although a centrifugal force (described above) was imposed on the
system, "...the liquid zone was stable and showed the oscillatory
state of... [Marangoni convection] with a frequency different
from the spin frequency. We can interpret the result in the
sense that temperature oscillations due to oscillatory...
[Marangoni convection] are rather independent of the value and
orientation of gravity in such a floating zone." (i, p. 185)
This interpretation was further proved by examining the experi-
ment on Earth with the floating zone axis configured perpen-
dicular to the l-g vector. "The liquid zone was still stable un-
der l-g and... [Marangoni-driven convection] was the dominating
flow .... The typical temperature and flow oscillations were
found in this experiment as well but only at [a] higher Marangoni
number. The gravity component perpendicular to the zone axis
stabilizes... [the Marangoni convection] which, therefore, stays
laminar for higher flow speed than in the case with the gravity
parallel to the axis." (i, p. 185)
It was concluded that (i) oscillatory convection can occur in the
low-gravity rocket environment and (2) the critical Marangoni
number (for the transition to time dependence) will be smaller in
low-gravity than on Earth.
Key Words: Fluid Physics, Float Zones, Liquid Columns, Liquid
Bridges, Melt and Solidification, Free Surface Solidification,
Transparent Liquids, Free Surface, Surface Tension Gradients,
Heat Transfer, Surface Tension-Driven Convection, Marangoni Con-
vection, Thermocapillary Convection, Fluid Stability, Thermal
Gradient, Thermal Oscillations, Oscillatory Marangoni Convec-
tion, Oscillation Frequency, Time Dependent Thermocapillary Flow,
Steady to Oscillatory Convective Transition, Critical Marangoni
Number, Binary Systems, Rotation of Payload, Coated Surfaces,
Hydrostatic Pressure, Contact Angle, Wetting, Tracer Particles,
Spheres, Liquid/Gas Interface, Solid/Liquid Interface, Container-
less Processing Applications, Acceleration Effects, Rocket Despin
Failure
Number of Samples: One floating zone. (Two temperature dif-
ferences were placed across the zone during the flight.)
Sample Materials: NaNO 3 (sodium nitrate)
(Na*N*O*)
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Container Materials:
tween two graphite rods.
(c*)
The free surface zone was maintained be-
Experiment/Material Applications:
While a reduction of buoyancy-driven convection is achieved in
low gravity, detrimental oscillatory Marangoni convection can
still occur, resulting in a reduction of compositional
homogeneity in the processed system. This research explores the
role of the gravity-independent surface tension-driven convection
in the reduced gravity environment.
Although the available literature did not detail further research
applications, low-gravity floating zone processing has several
attractive features other than a reduction of buoyancy-driven
flow. For example, the low-gravity contribution results in a
reduction of the hydrostatic pressure. Such a reduction in pres-
sure allows longer, more stable zones to be formed. From these
longer zones, larger crystals can be formed. Further, the zone
is a partially containerless system (contained only at its ends).
Such a system eliminates wall effects such as contamination and
nucleation at the cylindrical zone wall. In addition, the ab-
sence of an ampoule wall allows unconstrained material expansion
during freezing, preventing sample breakage and other constrain-
ment effects.
References/Appliaable Publioations:
(i) Schwabe, D., Scharmann, A., and Preisser, F.: Studies of
Marangoni Convection in Floating Zones. Acta Astronautica, Vol.
9, No. 3, 1982, pp. 183-186. (flight 3a, post-flight)
(2) Input received from Principal Investigator D. Schwabe, August
1989 and August 1993.
(3) Schwabe, D. and Scharmann, A.: Some Evidence for the Exist-
ence and Magnitude of a Critical Marangoni Number for the Onset
of Oscillatory Flow in Crystal Growth Melts. Journal of Crystal
Growth, 46, 125 (1979). (preliminary analysis; preflight)
(4) Schwabe, D., Scharmann, A., Preisser, F., and Oeder, R.: Ex-
periments on Surface Tension Driven Flow in Floating Zone Melt-
ing. Journal of Crystal Growth, 43, 1978, pp. 305-312.
(5) oscillatory Marangoni Convection. In Summary Review of
Sounding Rocket Experiments in Fluid Science and Materials
Sciences, ESA SP-I132, February 1991, pp. 48-51. (post-flight)
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Contact(s):
Dr. Dietrich Schwabe
I. Physikalisches Institut
Justus-Liebig-Universit_t Giessen
Heinrich-Buff-Ring 16
D-35392 Giessen
Germany
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Prln¢ipal Investigator(s): Schwabe, D. (i), Scharmann, A. (2)
Co-Investigator{s): Preisser, F. (3)
Affiliatlon(s): (1-3) Justus-Liebig-Universit_t Giessen, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 3b
Launch Date/Expt. Date: April 1981
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-2: A single
NaNO 3 sample was configured between two graphite cylinders. A
temperature difference was imposed across the sample. <Note: The
Principal Investigator reported that there were no differences
between TEM 06-1 (the facility used during Schwabe's earlier
TEXUS 3 float zone experiment) and the TEM 06-2 facility employed
on this mission.>
Builder of Processing Facility: TEM 06-2 was built by ERNO,
Bremen, Germany; experiment chamber built by Justus-Liebig-
Universit_t Giessen, Germany
Experiment:
Critical Marangoni Number--Temperature Oscillations in Float
Zones
This TEXUS 3b experiment was the second in a series of investiga-
tions designed by Schwabe et al. to examine oscillatory, ther-
mocapillary Marangoni convection in a float zone (see Schwabe,
TEXUS 3).
In an effort to directly compare 1-g and low-g experimental data,
the floating zone scenario examined during this TEXUS 3b experi-
ment (1) was stable under l-g, (2) demonstrated dominating ther-
mocapillary convection under l-g, and (3) demonstrated oscil-
latory thermocapillary convection under 1-g. Thus, the objectives
of the experiment did not include the investigation of longer
zones that are stable only in a reduced gravity environment.
(The benefits of processing longer zones can be found under
Schwabe, TEXUS 3.)
The experimental setup appears to have been very similar to the
TEXUS 3 experiment. The experiment chamber housed a single, 6-mm
diameter, 3.4-mm long NaNO 3 sample. The sample was configured
between two graphite rods, which could be independently heated
and controlled. A thermocouple was inserted into the zone
through one of the graphite rods and one or more thermocouples
was/were positioned 0.5 mm below the front of the graphite rods.
A pyrographited coating was applied to the graphite to insure a
proper contact angle (90o). Further, "The mantle outside the
zone (and feed through of the thermocouple)... [was] a capillary
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tube from quartz glass which was pyrographited to avoid capillary
outflow of liquid NaNO 3 under _g." (i, p. 267)
Although the NaNO_ melt is transparent and direct visualization
of the flow is possible by monitoring the motion of small spheres
within the fluid, the experimental setup was not configured with
an illumination/camera system to document the fluid motion. In-
stead, thermocouple measurements of the temperature oscillations
were to be used to detect the oscillatory thermocapillary convec-
tion.
Prior to the rocket flight, a zone was established in the ground-
based laboratory and solidified. The sample was placed in the
rocket between the graphite rods and i0 minutes before the rocket
launch, the solid sample was preheated below the melting point
(the temperature of both heaters was brought to 290 °C). The
heaters remained at this temperature until 70 seconds after
launch. At this time, the temperature of one of the heaters was
raised to 360 °C (at a rate of 0.65 °C/sec), while the tempera-
ture of the other heater was raised to 320 °C. The zone was
fully molten at 150 seconds, and by this time the low-gravity
phase of the rocket had been attained. About 3 minutes into the
flight, a temperature difference of 40 K (corresponding to a
Marangoni number Ma = 1.59 X i0 ) was established between the two
graphite rods. This difference was maintained until ap-
proximately 5 minutes into the flight. During the following 50
seconds, the temperature of the hotter heater was raised to 400
°C and the temperature of the cooler heater was dropped to 310 °C
(corresponding to a Marangoni number of 3.57 X 104), This 90 °C
temperature difference appears to have been maintained until the
end of the low-gravity period. Temperature data of the heaters
and temperature data from the zone were sent via telemetry to a
magnetic tape recorder on the ground.
Reportedly, because the same NaNO 3 sample was used for both the
l-g and low-gravity experiments, the contribution of the sample
impurities (in, for example, suppressing Marangoni convection)
was similar. Further, both Marangoni numbers examined were
higher than the expected critical number. (The critical number
being that Marangoni number at which oscillatory, time-dependent,
convective flow occurs.)
Post-flight analysis of the thermal data indicated temperature
oscillations occurred in both the low-gravity and ground-based
experiments. Temperature vs. time graphs of the rocket and
laboratory experiments (documented at 240-280 seconds after
launch and 200 to 300 seconds after the initiation of the g_ound-
based experiment at a Marangoni number of Ma = 1.6 X i0 _) il-
lustrated the nature of the temperature oscillations. Interest-
ing results were:
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"(i) Temperature oscillations occur under l-g and 10 -4 g (with
the same frequency)... [as shown by Fourier analysis].
"(2) The average temperature is smaller under 10 -4 g (325 °C)
than under l-g (327 °C).
"(3) The amplitude of the oscillations is smaller under 10 -4
(peak to peak 3.3 °C) than under 1 g (peak to peak (9 °C))." (i,
p. 267)
Similar _ime vs. temperature graphs for the Marangoni number at
3.6 X i0" (documented at 380 seconds to 420 seconds after launch
and 350 seconds to 450 seconds after the start of the reference
experiment) were presented. Interesting results were:
"(i) Temperature oscillations with the same higher frequency and
with a more complex spectrum... [as shown by Fourier analysis]
occur under l-g and i0 -= g.
"(2) The average temperature under 10 -4 g (343-344 °C) is smaller
than under l-g (345 °C). (3) The amplitude of the oscillations
is smaller under 10 -4 g (...[approximately] 5K peak to peak) than
under l-g (...[approximately] 15K peak to peak.)" (i, p. 267)
Results (2) and (3) as listed above for both Marangoni numbers
were cited as being of minor importance. The temperature oscil-
lations observed under both Marangoni numbers in low-gravity
"...are clearly larger by orders of magnitude than any tempera-
ture fluctuations from the controllers and are due to flow oscil-
lations, therefore."
"...These oscillations have a characteristic frequency spectrum
which is very similar under l-g and 10-=g. The lowest main
frequency is 0.79 Hz under low-gravity and 0.80 Hz under l-g for
Ma=l.6 X 104 with a squared amplitude approximately three orders
of magnitude above noise level. Some harmonics appear as well.
For the higher... [Marangoni] number Ma=3.6 X i0 _, the lowest
main frequency is 1.2 Hz under l-g and 10-4-g. The shift to
higher frequency with higher Ma is expected because of higher
flow speed for higher Ma. The frequency spectrum is not as sharp
as for Ma=l.6 X i0 in both cases with a squared amplitude of the
lowest main frequency only two orders of magnitude abov_ noise
level. Higher harmonics are clearly visible in to i0 = case,
only." (i, p. 267)
Among the conclusions were: "The same _haracteristic frequency
spectrum occurred under l-g and... [i0- g] at two supercritical
Marangoni numbers. From this it is concluded that the same os-
cillatory flow state of the thermocapillary convection developed
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under low-gravity as under l-g. Thermocapillary convection in
the floating zone becomes... [unstable] at a certain Marangoni
number, and this instability is not due to a coupling of ther-
mocapillary and buoyancy forces, but it is one of thermocapillary
convection alone. Thermocapillary convection will become...
[unstable] in the relevant low-gravity fluid dynamic experiments,
if the critical Marangoni number of this transition is exceeded."
(i, p. 272)
Key Words: Fluid Physics, Float Zones, Liquid Columns, Liquid
Bridge Stability, Melt and Solidification, Free Surface
Solidification, Transparent Liquids, Free Surface, Surface Ten-
sion Gradients, Heat Transfer, Surface Tension-Driven Convection,
Marangoni Convection, Thermocapillary Convection, Fluid
Stability, Thermal Gradient, Thermal oscillations, oscillatory
Marangoni Convection, Oscillation Frequency, Oscillation
Amplitude, Time Dependent Thermocapillary Flow, Steady to Oscil-
latory Convective Transition, Critical Marangoni Number, Buoyancy
Effects Diminished, Capillary Flow, Coated Surfaces, Wetting,
Contact Angle, Impurities, Hydrostatic Pressure, Binary Systems,
Liquid/Gas Interface, Solid/Liquid Interface, Containerless
Processing Applications
Number of Samples: One floating zone. (Two temperature dif-
ferences were placed across the zone during the flight. )
Sample Materials: NaNO 3 (sodium nitrate)
(Na*N*O*)
Container Materials- The free surface zone was maintained between
two graphite rods.
(c*)
Experiment/Material Applications:
See Schwabe, TEXUS 3.
References/Applicable Publicationsz
(i) Schwabe, D., Preisser, F., and Scharmann, A.: Verification of
the Oscillatory State of Thermocapillary Convection in a Floating
Zone Under Low Gravity. Acta Astronautica, Vol. 9, No. 4, 1982,
pp. 265-273. (post-flight)
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(2) Schwabe, D., Preisser, F., and Scharmann, A.: Z. Flugwiss.
Weltraumforsch, 6 (1982), pp. 309-315.
(3) Scharmann, A. and Schwabe, D.: Final Report "...Oscillatory
Marangoni Convection..." for (BMFT) Federal Ministry for Research
and Technology, May 1982. (in German)
(4) Preisser, F., Schwabe, D., and Scharmann, A.: Steady and Os-
cillatory Thermocapillary Convection in Liquid Columns with Free
Cylindrical Surface. Journal of Fluid Mechanics, 126 (1983), pp.
545-567. (ground-based studies)
(5) Input received from Principal Investigator D. Schwabe, August
1989 and August 1993.
(6) Schwabe, D. and Scharmann, A.: Oscillatory Marangoni Convec-
tion. In Summary Review of Sounding Rocket Experiments in Fluid
Science and Materials Sciences, ESA SP-I132, February 1991, pp.
48-51. (post-flight)
Contact(s):
Dr. Dietrich Schwabe
I. Physikalisches Institut
Justus-Liebig-Universitat Giessen
Heinrich-Buff-Ring 16
D-35392 Giessen
Germany
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Prlncipal Investlgator(s) z Schwabe, D. (1), Scharmann, A. (2)
Co-Investlgator(s): None
Affiliation(s): (1,2) Justus-Liebig-Universit_t Giessen, Germany
Experiment Origlnz Federal Republic of Germany
Misslonz TEXUS 5
Launch Date/Expt. Date: April 1982
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Pro=essing Fa=ility: TEXUS Experiment Module TEM 06-2: A single
NaNO 3 sample was configured between two graphite cylinders. A
temperature difference was imposed across the sample.
Builder of Processing Facility: TEM 06-2 was built by ERNO,
Bremen, Germany; experiment chamber built by Justus-Liebig-
Universit_t Giessen, Germany.
Experiment:
Critical Maranqoni Number--Temperature Oscillations in Float
Zones
This TEXUS 5 experiment was the third in a series of investiga-
tions designed by Schwabe et al. to examine oscillatory, ther-
mocapillary Marangoni convection in a float zone (see Schwabe,
TEXUS 3, TEXUS 3b).
During previous float zone experiments on TEXUS 3 and TEXUS 3b
(i) a specific temperature difference (corresponding to an ex-
pected critical Marangoni number) was placed across a 6-mm
diameter, 3.4-mm (or 4.0-mm) long NaNO 3 floating zone and (2)
time dependent, oscillatory fluid transport behavior was noted.
The objective of this TEXUS 5 experiment was to determine (for
the given system) at what critical Marangoni number time-
dependent fluid transport would occur.
Nondimensional analysis of the governing fluid equations (l-g)
and terrestrial experimental results illustrated that ther-
mocapillary forces dominated buoyancy forces in floating zones
which are stable on Earth. (Such stable zones had a length of
less than 7 mm.) Buoyancy forces became significant, however, in
zones longer than 3.5 mm. Further, terrestrial experiments indi-
cated that the longer the zone, the higher the Marangoni number
required to produce a transition in the fluid from a non-
oscillatory to an oscillatory flow state. The data also indi-
cated that as the zone length increased beyond 3.5 mm (somewhat
regardless of radius), a fairly sharp increase occurred in the
value of the corresponding required critical Marangoni number.
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The TEXUS 5 experimental setup appears to have been very similar
to the setup used during the TEXUS 3 and TEXUS 3b experiments.
The experiment chamber housed a single, 6-mm diameter, 3.7-mm
long NaNO 3 sample.
The sample was configured between two graphite cylinders which
could be independently heated and controlled. A thermocouple in-
serted near the center of the zone (1/2, r/2) (through one of the
graphite rods) measured the local temperature. As in the earlier
TEXUS 3b flight, (i) the graphite cylinders were coated to insure
the proper contact angle and (2) the mantle was pyrographited to
avoid capillary outflow of the test liquid (see Schwabe, TEXUS
3b). Thermocouple measurements alone (rather than visualization
of the flow via an illumination/camera system) were used to
determine the oscillatory thermocapillary convection.
Available references provided few specific details concerning
(i) the preheating of the sample prior to launch and (2) the time
during the flight (or temperature) at which the sample was mol-
ten. It appears, however (from a fiqure in Reference (6)), that
both graphite cylinders were preheated to a temperature of 300 °C
prior to launch. The cylinders remained at this temperature un-
til approximately 80 seconds after launch (at this time the low-
gravity phase of the rocket flight had been achieved). Then, (80
seconds after launch), the temperature of one of the rods was
raised to approximately 315 °C and the temperature of the other
rod was raised to approximately 325 °C. (The lower temperature
heater remained at 315 °C for the duration of the low-gravity
phase.) At approximately 120 seconds after launch, the i0 K tem-
perature difference was established across the zone, and the tem-
perature of the warmer rod was linearly increased at a rate of
0.i K/s. This increase in temperature of the warmer rod con-
tinued until just prior to the end of the low-gravity phase
(approximately 420 seconds after launch).
Analysis of the thermal data resulting from both the rocket and
terrestrial experiments indicated that the onset of temperature
oscillations occurred at a temperature difference of 23 K. The
co_responding critical Marangoni number for the flight was 9.6 X
i0 _, which was identical to the critical Marangoni number in the
l-g reference experiment. However, Reference (6) reported that
"The microgravity experiment was slightly disturbed by the vibra-
tions of the cine camera of a neighboring experiment and the ex-
actly identical critical Marangoni number measured on the ground
and in microgravity.., are interpreted as accidental.,, (6, p. 52)
Further, "The spectrum of oscillation frequencies at l-g" and 0-g
are comparable with a main frequency at 0.5 Hz." (6, p. 52) "In
the case of the low-gravity experiment there is more low
frequency and high frequency noise besides the approximately 0.5
Hz thermocapillary oscillation, reducing the precision of the
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measurements by 10%." (i, p. 216) The precision of the rocket
thermal measurements was also degraded by the insufficient ther-
mal equilibrium of the system during the short rocket flight.
Key Words: Fluid Physics, Float Zones, Liquid Columns,
Transparent Liquids, Melt and Solidification, Free Surface
Solidification, Free Surface, Surface Tension Gradients, Heat
Transfer, Surface Tension-Driven Convection, Marangoni Convec-
tion, Thermocapillary Convection, Fluid Stability, Thermal
Gradient, Thermal Equilibrium, Thermal oscillations, oscillatory
Marangoni Convection, Oscillation Frequency, Time Dependent Ther-
mocapillary Flow, Steady to oscillatory Convective Transition,
Critical Marangoni Number, Aspect Ratio, Buoyancy Effects
Diminished, Coated Surfaces, Wetting, Contact Angle,
Accelerations/Vibrations Produced by Onboard Equipment, Accelera-
tion Effects, Binary Systems, Liquid/Gas Interface, Solid/Liquid
Interface, Hydrostatic Pressure, Containerless Processing Ap-
plications
Number of Samples: one floating zone
Sample Materialsz NaNO 3 (sodium nitrate)
(Na*N*O*)
Container Materials: The free surface zone was maintained between
two graphite rods.
(c*)
Experiment/Material Applications:
See Schwabe, TEXUS 3.
References/Applicable Publicationss
(i) Schwabe, D. and Scharmann, A.: Measurement of the Critical
Marangoni Number in a Floating Zone Under Reduced Gravity. In
Proceedings of the 4th European Symposium on Material Sciences
Under Microgravity, Madrid, Spain, April 5-8, 1983, pp. 213-218.
(post-flight)
(2) Schwabe, D. and Scharmann, A.: Microgravity Experiments on
the Transition from Laminar to Oscillatory Thermocapillary Con-
vection in Floating Zones. Adv. Space Res., Vol. 4, No. 5, 1984,
pp. 43-47. (includes TEXUS 8; post-flight)
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(3) Schwabe, D. and Scharmann, A.: Adv. Space Res., Vol. 3, No.
5, pp. 89-92, (1983).
(4) Schwabe, D. and Scharmann, A.: Z. Flugwiss. Weltraumforsch.,
9, (1985), pp. 21-28.
(5) Input received from Principal Investigator D. Schwabe, August
1989 and August 1993.
(6) Critical Marangoni Number. In Summary Review of Sounding
Rocket Experiments in Fluid Science and Materials Sciences, ESA
SP-1132, February 1991, pp. 52-53. (post-flight)
Contact(s):
Dr. Dietrich Schwabe
I. Physikalisches Institut
Justus-Liebig-Universit_t Giessen
Heinrich-Buff-Ring 16
D-35392 Giessen
Germany
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Prlnclpal Investlgator(s): Schwabe, D. (i), Scharmann, A. (2)
Co-Investlgator(s): None
Affiliation(s): (1,2) Justus-Liebig-Universit_t Giessen, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 8
Launch Date/Expt. Date: May 1983
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-3: A single
NaNO 3 sample was configured between two graphite cylinders. A
temperature difference was imposed across the sample. (The
hardware was refurbished after TEXUS 5.)
Builder of Processing Facility: TEM 06-3 was built by ERNO,
Bremen, Germany; the experiment chamber was built by Justus-
Liebig-Universit_t Giessen, Germany
Experiment:
Critical Maranqoni Number--Temperature Oscillations in Float
Zones
This TEXUS 8 experiment was the fourth in a series of investiga-
tions designed by Schwabe et al. to examine oscillatory, ther-
mocapillary Marangoni convection in a float zone (see Schwabe,
TEXUS 3, TEXUS 3b, TEXUS 5).
During the earlier TEXUS 5 investigation, a temperature dif-
ference, placed across a 6-mm diameter, 3.7-mm long NaNO 3 float-
ing zone, was raised linearly at a rate of 0.i K/s to determine
at what point time-dependent, oscillatory fluid transport be-
havior would occur. Because the TEXUS 5 experiment was unex-
pectedly disturbed by the operation of motion picture cameras as-
sociated with another experiment in the TEXUS 5 module, the ex-
periment was repeated (with slightly different parameters) during
this TEXUS 8 mission.
This experiment employed the shortest zone yet examined by the
investigators, 3.2 mm. <Note: The reason the zone length was
changed from TEXUS 5 was not presented in the available
references.> The experimental setup was similar to the setup
used during the TEXUS 3, TEXUS 3b, and TEXUS 5 experiments. The
single, 6-mm diameter, NaNO 3 sample was configured between two
graphite cylinders which could be independently heated and con-
trolled. A thermocouple inserted near the center of the zone
(1/2, r/2, through one of the graphite rods) measured the local
temperature. The graphite cylinders were coated to insure the
proper contact angle and the mantle pyrographited to avoid capil-
lary outflow of the test liquid (see Schwabe, TEXUS 3b). Ther-
mocouple measurements alone (rather than visualization of the
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flow via an illumination/camera system) were used to determine
the presence of oscillatory thermocapillary convection.
Available references provided few specific details concerning (i)
the preheating (if any) of the sample prior to launch and (2) the
specific times at which the temperature difference was applied.
It appears that both graphite cylinders ma X have been preheated
to a temperature of approximately 300 vC prior to launch.
Reference (i) confirmed that 130 seconds after launch, the sample
was molten (the sample's melting point was 307 °C as stated by
Reference (5)).
<Note: If the rocket time schedule for TEXUS 8 was similar to
that of the TEXUS 5 flight, the low-gravity phase of the rocket
would have been achieved approximately 50 seconds before the
sample was molten.> After thermal equilibrium of the sample had
been realized, a 15 °C temperature difference was placed across
the two graphite cylinders. This temperature difference was in-
creased at a rate of 0.85 °C/s until a temperature difference of
35 °C was attained.
Thermal data obtained during the rocket flight and a similar ter-
restrial reference experiment were compared. The results indi-
cated that (i) the onset of temperature oscillations in the
rocket sample occurred at 270 seconds (corresponding to a criti-
cal temperature difference of 22.7 °C) and (2) the onset of tem-
perature oscillations in the terrestrial sample occurred at 330
seconds (corresponding to a critical temperature difference of
27.3 °C). The corresponding critical Marangoni numbers were 8.5
X 103 (rocket) and 10.2 X 103 (Earth). Fourier analysis of the
fully developed oscillatory state as indicated by the temperature
vs. time thermocouple data "...show[ed] frequencies fl = 0.67 Hz
and f2 = 1.35 Hz under low-gravity in comparison to fl=0.71 Hz
and f2 = 1.4 Hz under l-g. Higher frequencies under l-g compared
to low-gravity have been found in TEXUS 3... TEXUS 5 and 8 .... "
(1, p. 44)
It was surmised that "Both effects, smaller... [critical Maran-
goni number] and... [frequency] under low-gravity in comparison
to l-g can be understood considering the stabilizing effect of
heating from above in the l-g experiments: heating from above
hinders... [thermocapillary convection] under l-g to reach the
bottom area of the... [float zone]. Thus under l-g...
[thermocapillary convection] dominates in an 'effective zone
length' lef f which is smaller than the geometrical zone length 1
which is operative under low-gravity." (i, p. 44)
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Key Words: Fluid Physics, Float Zones, Liquid Columns,
Transparent Liquids, Melt and Solidification, Free Surface, Free
Surface Solidification, Surface Tension Gradients, Heat Transfer,
Surface Tension-Driven Convection, Marangoni Convection, Ther-
mocapillary Convection, Fluid Stability, Thermal Equilibrium,
Thermal Gradient, Thermal Oscillations, Oscillatory Marangoni
Convection, Oscillation Frequency, Time Dependent Thermocapillary
Flow, Critical Marangoni Number, Coated Surfaces, Contact Angle,
Binary Systems, Liquid/Gas Interface, Containerless Processing
Applications
Number of Samples: one floating zone
Sample Materials: NaNO 3 (sodium nitrate)
(Na*N*O*)
Container Materials: The free surface zone was maintained between
two graphite rods.
(c*)
Experiment/Material Applications:
See Schwabe, TEXUS 3.
References/Applicable Publications:
(i) Schwabe D. and Scharmann, A.: Microgravity Experiments on the
Transition from Laminar to Oscillatory Thermocapillary Convection
in Floating Zones. Adv. Space Res., Vol. 4, No. 5, 1984, pp. 43-
47. (post-flight)
(2) Schwabe, D. and Scharmann, A.: "...Messung der kritischen
Marangoni-Zahl...,,, Final Report for the BMFT, May 1984. (in
German)
(3) Schwabe, D. and Scharmann, A.: Z. Flugwiss. Weltraumforsch.,
9, (1985), pp. 21-28.
(4) Input received from Principal Investigator D. Schwabe, August
1989 and August 1993.
(5) Schwabe, D. and Scharmann, A.: Critical Marangoni Number. In
Summary Review of Sounding Rocket Experiments in Fluid Science
and Materials Sciences, ESA SP-I132, February 1991, pp. 54-55.
(post-flight)
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Contact(s):
Dr. Dietrich Schwabe
I. Physikalisches Institut
Justus-Liebig-Universitat Giessen
Heinrich-Buff-Ring 16
D-35392 Giessen
Germany
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Princlpal Investigator(s): Schwabe, D. (1)
Co-Investigator(s): Scharmann, A. (2)
Affillation(s): (1,2) Justus-Liebig-Universit_t Giessen, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #7, STS-007 (STS 31-C, Challenger)
Launch Date/Expt. Date: June 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: West German Get Away Special (GAS) MAUS Canister
DG-306 (MAUS: Materialwissenschftliche autonome Experimente unter
Schwerelosigkeit) ; SPAS STS Deployed Satellite
Volume of Canister: 5.0 cubic feet
Location of Canister: The West German Shuttle Pallet Satellite
(SPAS-OI)
(SPAS was a small experiment carrier initially configured in the
STS payload bay but later deployed into orbit by the Canadian
Remote Manipulator Arm. The carrier was retrieved prior to the
end of the shuttle mission. )
Primary Developer/Sponsor of DG-306: Deutsche Forschungs-und
Versuchsanstalt fur Luft-und Raumfahrt (DFVLR)/Messerchmitt-
Boelkow-Blohm (MBB-ERNO), Bremen, Germany
Processing Facillty: Two Experiment Cells within MAUS DG-306.
Each experiment cell contained a single, NaNO 3 sample across
which an increasing temperature difference was placed.
Builder of Processing Facility: MAUS DG-306 was built by
MBB/ERNO, Bremen, Germany; the two experiment cells were built by
the University of Giessen, Germany
Experiment:
Critical Maranqoni Number
This STS-007 experiment was the fifth in a series of investiga-
tions designed by Schwabe et al. to examine oscillatory, ther-
mocapillary Marangoni convection in a float zone (see Schwabe,
TEXUS 3, TEXUS 3b, TEXUS 5, and TEXUS 8).
The specific objective of the experiment was to differentially
heat a NaNO 3 sample (in a float zone configuration) and determine
at what critical Marangoni number there occurs a transition from
(I) laminar thermocapillary _convection to (2) time-dependent os-
cillatory thermocapillary convection. This objective was to be
realized by increasing the temperature difference across the zone
until the laminar thermocapillary flow developed into oscillatory
thermocapillary flow. The experiment was also designed to
demonstrate a transition from this oscillatory state back into
the laminar thermocapillary state (by reducing the temperature
difference across the zone).
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The payload was configured with two experiment cells. Each cell
housed a single, solid, 6-mm diameter NaNO 3 sample configured be-
tween two graphite cylinders. The length of the sample differed
in each of the cells to demonstrate the influence of the zone
length on the resulting oscillatory critical Marangoni number.
Reportedly (Reference (i)) one of the samples had a length of 4.0
mm and the other had a length of 4.79 mm. <Note: Reference (9)
indicates that the lengths of the two zones were 3.86 mm and 4.75
During the mission, the experiment was housed in the DG-306 West
German MAUS Get Away Special (GAS)-type payload. DG-306 was con-
figured on the German free-flying platform (commercial satellite)
SPAS 01. (SPAS 01 was stored in the STS payload bay during
launch and deployed by the Canadian Remote Manipulator System
(RMS) during the mission. At the end of the STS-007 mission,
SPAS 01 was retrieved and stored in the payload bay by the RMS.)
The experiment was performed during the SPAS 01 free-flying
phase. Reportedly, "The satellite S_AS-01 experienced very low
residual gravity (of the order of i0 -J g) during the time the ex-
periment was active." (I, p. 281)
During the investigation, the rods in both experiment cells were
simultaneously heated. Each melted sample formed a floating zone
suspended between the rods. A thermocouple inserted into each
zone (through one of the graphite rods) measured the local tem-
perature. "After a thermalisation [sic] of 30 minutes the tem-
perature difference.., between the two graphite rods was in-
creased 'linearly' in time.., to pass the transition point
(laminar... [thermocapillary flow] to oscillatory
[thermocapillary flow]) .... " (i _p_ 281) ("The rate of heating
up was of the order of +3.6 X i0 K*s-i .... Actually the tem-
perature changes were in steps: every i00 s the temperature dif-
ference was increased by 0.36 K .... ") (i, p. 282) This heating
phase continued for 99.75 minutes.
Once the oscillatory state had been reached, the temperature dif-
ference between the two rods was decreased "linearly" at a rate
of -7.2 X I0 -_ K/s to pass the transition point from oscillatory
to laminar flow. ("Actually the temperature changes were in
steps: every i00 s the temperature difference was.., decreased
by .26 K every 50 seconds during cooling down.") (i, p. 282)
Thermocouple measurements were used to determine the oscillatory
thermocapillary convection.
Reportedly, "Both experiments performed well." (i, p. 283) Post-
flight analysis of the thermal data from both experiment cells
indicated that
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(i) during the time the temperature difference increased, the
laminar state existed for approximately 50 minutes, and the os-
cillatory state existed for approximately 50 minutes, and
(2) during the time the temperature difference decreased, oscil-
lations occurred for approximately 30 minutes, and then no oscil-
lations occurred during the following 20 minutes.
The critical Marangoni numbers and oscillation amplitudes, cor-
responding to (i) the increase in temperature and (2) the
decrease in temperature, were significantly different. These
differences were attributed to hysteresis effects which affect
the transition point in the fluid system.
Post-flight, the thermal data obtained during the STS flight were
compared to thermal data obtained during similar terrestrial
reference experiments. The results indicated that the low-
gravity critical Marangoni numbers of both zones are of the same
order of magnitude as the terrestrial critical numbers. However,
the low-gravity numbers were lower than the l-g numbers for the
4.79-mm zone and higher than the l-g numbers for the 4.0-mm zone.
(The critical Marangoni numbers were reported as follows
(Reference (9)) : (i) 4.75 mm zone (1983 terrestrial
experiments) , temperature increasing: 10075, temperature
decreasing: 9409; (2) 4.75 mm zone (1984 terrestrial
experiments) , temperature increasing: 9848, temperature
decreasing: 9337; (3) 3.86 mm zone (1984 terrestrial experiments)
temperature increasing: 8489, temperature decreasing: 8003 ; (4)
4.75 mm zone (STS-007), temperature increasing: 9293, temperature
decreasing: 8877; (5) 3.86 mm zone (STS-007) , temperature
increasing: 8679, temperature decreasing: 8115.) <Note: The two
critical Marangoni numbers and two STS-007 zone lengths reported
directly above (from Reference (9)) differed slightly from the
two critical Marangoni numbers and two STS-007 zone lengths
reported in Reference (i) (9702 increasing, 8848 decreasing (4.79
mm zone) and 9444 increasing, 8340 decreasing (4.00 mm zone).
Reference (i) also lists slightly different values for the ter-
restrial experiments as well (see Reference (i), p. 286).>
Further, "The temperature oscillations (and flow oscillations un-
der y-g) are of significant amplitude, comparable to those ob-
served under l-g.
"A new feature of oscillatory thermocapillary convection has been
found under _-g and l-g namely frequency jumps and beat
frequencies. The beat frequencies are of special interest con-
sidering real growth systems like float-zone silicon, because os-
cillatory flows (and growth conditions) are detected indirectly
via dopant striations in the grown crystal." (i, p. 289)
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Key Wordsz Fluid Physics, Float Zones, Liquid Columns,
Transparent Liquids, Melt and Solidification, Free Surface, Free
Surface Solidification, Heat Transfer, Surface Tension Gradients,
Surface Tension-Driven Convection, Marangoni Convection, Ther-
mocapillary Convection, Fluid Stability, Thermal Equilibrium,
Thermal Gradient, Thermal Oscillations, Oscillatory Marangoni
Convection, Time Dependent Thermocapillary Flow, Steady to Oscil-
latory Convective Transition, Critical Marangoni Number, Oscilla-
tion Frequency, Oscillation Amplitude, Binary Systems, Liquid/Gas
Interface, Containerless Processing Applications, Acceleration
Effects, Acceleration Measurements, Free-Flying Satellite
Number of Suples: two experiment cells
Sample Materials: NaNO 3 (sodium nitrate)
(Na*N*O*)
Container Materials: The zones were contained between two
graphite rods.
(c*)
Experlment/Material Applications:
"In crystal growth[,] time independent growth conditions are
favourable because time dependent conditions can give rise to
dopant inhomogeneities (compositional striations). In order to
avoid such striations in _-g float zone crystal growth[,] the
Marangoni number (given by the growth conditions) must be lower
than the critical number Ma c for transition to oscillatory flow."
(i, p. 281)
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Principal Investigator(s): Schwabe, D. (1)
Co-Investigator(s): Lamprecht, R. (2), Scharmann, A. (3)
Affiliation(s): (1-3) Justus-Liebig-Universit_t Giessen, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Process Chamber Double Rack
Processing Facility: Rectangular cavity with free surface
Builder of Processing Facility: Partly built by the Justus-
Liebig-Universit_t, Giessen, Germany, partly built by
Messerschmitt-Boelkow-Blohm (MBB-ERNO), Bremen, Germany
Experiment:
Maranqoni Convection in an Open Boat-Free Liquid Surface Tension-
Driven Flow Thermally Induced in Microgravity (PK-MKB 00)
This STS Spacelab D1 experiment was the sixth in a series of in-
vestigations designed by Schwabe et al. to examine oscillatory,
thermocapillary Marangoni convection (see Schwabe, TEXUS 3, TEXUS
3b, TEXUS 5, TEXUS 8, and STS-007).
The D1 experiment was different from all of Schwabe's earlier ef-
forts in that it employed an open cavity (often referred to as an
open boat) instead of a floating zone system. An open cavity
has one free surface along the top of a container (or cuvette).
When the walls of the cavity are differentially heated (thus
creating a thermal gradient along the free surface) thermocapil-
lary convection occurs at the surface. "The main advantage of...
[the open cavity] configuration compared to a float zone is the
visibility of the region near the free surface." (1, p. 92) The
specific objective of the experiment was to study low-gravity
thermocapillary-driven flow in the cavity.
The experiment hardware consisted (in part) of a cuvette
fashioned from quartz glass (20 mm X 20 mm X 20 mm). Two
aluminum heaters were placed at opposite ends of the cuvette.
Prior to launch, the small cavity between the heaters was filled
with liquid paraffin tetracosane !C24H50 ) . The liquid, which has
a melting point of 50.9 °C, was in a solid state during the STS
launch and was heated to a liquid state during the low-gravity
mission. Thus, the cavity did not have to be filled during the
mission (which, reportedly, would have been a difficult t_ask).
"All rims which were in contact with the fluid were made as sharp
as possible and coated with NUFLON (trademark of Fluomicron),
which is not wetted by the... [paraffin]. The NUFLON acted as
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antispreading barrier against capillary outflow." (4, p. 122)
Further, a double-walled heatshield made from plates of quartz
glass, surrounded the fluid sample and guaranteed a temperature
gradient mainly parallel to the free surface.
A special visualization system, which could illuminate a central
vertical section of the cuvette with a light band, made it pos-
sible to document the position of ceramic tracer particles in the
fluid with a 16 mm motion picture camera.
During the mission, the paraffin was melted and then the tempera-
tures of both heaters were held at 60 °C for approximately 1
hour. While the right heater remained at 60 °C, the temperature
of the left heater was raised in 5 °C steps to 120 °C. Then, the
temperature of the right heater was raised to 90 °C, stabilized,
and then raised in i0 °C steps to ii0 °C.
After each temperature increase, there was a "thermalisation"
time of approximately 15 minutes. After this thermalisation, the
camera was turned on for 45 seconds and the fluid motion was
documented by the camera. "Thus, the experiment was programmed
to observe the convection for... [a temperature difference of] 0
°C, 5 °C,... 55 °C, 60 °C with the right heater at 60 °C, and
for... [a temperature difference of] 30 D.C, 20 °C, and I0 °C with
the left heater at 120 °C." (4, p. 123) The Principal Inves-
tigator reported the heat transfer was determined via ther-
mocouples.
Post-flight analysis of the film indicated that the sample melted
as expected. When both heaters were set at 60 °C, the fluid was
clear, without bubbles, and the tracer particles were well il-
luminated. However, the tracers did not move "...towards the
middle of the liquid surface which is the coldest spot when both
heaters are at 60 °C. Some tracers... [stuck] to the liquid sur-
face." (4, p. 123)
Further, during the time when the temperature difference between
the two heaters was increased (from 5 °C to 55 °C), the expected
motion of the tracers from hot to cold along the free surface was
not observed. Strong motion in the expected direction occurred
only for a temperature difference of 60 °C.
The suppression of the expected Marangoni convection was at-
tributed to an unclean free surface: dirt present on the free
surface acted like a solid layer, hindering the thermocapillary
flow. At a temperature difference of 60 °C, the dirt layer rup-
tured, thermocapillary flow was realized "...and the flow
compressed the dirt in front of the cold wall (and the dirt mixed
with the bulk liquid.)" (4, p. 124)
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"Such a stable solid skin on the free surface has never been ob L
served in experiments on [the] ground. On [the] ground there is
always some fluid motion due to buoyancy which hinders the forma-
tion of a 'solid' and complete skin of dirt." (4, p. 123) In
contrast, in the low-gravity environment, the dirt was allowed to
diffuse from the bulk li_id to the surface during the hour that
both heaters were at 60 C.
Photographs of the low-gravity fluid motion (for a temperature
difference of 60 °C) further illustrated that the free surface
was bent, and that the cuvette was no longer filled to the rim.
The anti-wetting barrier failed at the hot block and some of the
fluid leaked out at that location. One large convection cell,
which occupied almost the whole volume, moved from hot to cold at
the free surface driving the flow in the bulk fluid from cold to
hot. This was the motion expected for thermocapillary convection
(in the absence of strong gravity-driven forces). The convection
cell was asymmetric because of the dirt skin compressed at the
colder heating block ("...the flow dives down before reaching the
cold wall." (4, p. 124))
A l-g reference experiment coupled with an analytical simulation
of the flow fields (which included the bending of the free sur-
face and a dirt-skin in front of the cold heating block) il-
lustrated that "...the flow under normal gravity is much more
complex than the flow under microgravity. The fluid volume is
occupied by more than one convection roll. In the upper part we
have two vortex centres near the free surface .... Both vortex
centres are nearer to the free surface than the one under
microgravity because it is hot fluid circulating near the free
surface which cannot dive down under normal gravity. The fluid
circulation near the free surface is mainly driven by surface
tension forces. The flow very near the hot wall and very near
the cold wall circulating along the bottom of the cuvette is due
to buoyancy forces." (4, p. 124)
An analysis of the nondimensional numbers governing the fluid
system indicated that thermocapillary forces dominate in the low-
gravity experiment. This was confirmed by the low-gravity obser-
vations. Further, velocity profiles of an element at the free
surface going from hot to cold indicated that "...under
microgravity the maximum flow speed in the free surface reaches
20...[mm/s] whereas it is only 10...[mm/s] under normal gravity."
(4, p. 126) Other interesting velocity profile results are
presented in Reference (4).
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Key Words: Fluid Physics, Melt and Solidification, Organic Sys-
tems, Transparent Liquids, Open Boat, Open Cavity, Free Surface,
Surface Tension-Driven Convection, Marangoni Convection, Maran-
goni Convection Diminished, Thermocapillary Convection, Heat and
Mass Transfer, Thermal Equilibrium, Thermal Gradient, Interfacial
Tension, Coated Surfaces, Thin Films, Contamination Source, Dif-
fusion, Meniscus Shape, Interfacial Curvature, Wetting of Con-
tainer, Non-Wetting of Container, Contact Angle, Tracer Par-
ticles, Liquid/Gas Interface, Solid/Liquid Interface, Illumina-
tion System, Liquid Leakage, Processing Difficulties
Number of Samples one
8ample Materials: paraffin tetracosane C24H50 (Prandtl number: Pr
= 50)
(C.H*)
Container Materials: quartz glass plates and aluminum walls
(AI*, Si*O*)
Experlment/Material Applications:
This experiment was designed to illustrate the significance of
thermocapillary convection in crystal growth melts. "The main
advantage of the... [open boat] configuration compared to a float
zone is the visibility of the region near the free surface." (i,
p. 92)
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Principal Investigator(s): Wilcox, W. R. (1)
Co-Investigator(s): Subramanian, R. S. (2), Meyyappan, M. (3),
Smith, H. D. (4), Mattox, D. M. (5), Partlow, D. P. (6)
Affiliation(s): (1,2) Clarkson University, Potsdam, New York; (3)
During SPAR 8: Clarkson University, Potsdam, New York, Currently:
Scientific Research Association Inc., Glastonbury, Connecticut;
(4) During SPAR 8: Westinghouse Research and Development Center,
Pittsburgh, Pennsylvania, Currently: Battelle Pacific Northwest,
Richland, Washington; (5,6) Westinghouse Research and Development
Center, Pittsburgh, Pennsylvania
Experiment Origin: USA
Mission: SPAR 8
Launch Date/Expt Date: November 1980
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Experiment 77-13 Flight Apparatus
Builder of Processing Facility: Westinghouse Research and
Development Center, Pittsburgh, Pennsylvania
Experiment:
Glass Fining Experiment in Low Gravity (vv-13)
This SPAR 8 experiment was designed to study the low-gravity be-
havior of bubbles in a molten glass. The specific objectives of
the study were to (i) characterize the thermally induced bubble
motion and (2) obtain quantitative data to aid in the verifica-
tion of theoretical models.
The experiment apparatus consisted of (1) a sample plate with a
channel which held the glass material, (2) a tapered platinum-
rhodium heater strip located underneath the sample plate, (3) up-
per and lower heat shields, and (4) a photographic system to
record the movement of bubbles within the glass sample. The
heater strip was tapered toward the center of the sample
material, creating a hot spot at this location. Reportedly, "The
[temperature] gradient was oriented along the axis of the
[heater] strip pointing horizontally toward the narrow spot where
the hot spot occurred and vertically into the strip (because a
large vertical gradient also existed)." (1, p. V-18)
The apparatus was designed to (1) hold the sample plate/heater
strip in alignment with the camera lens, (2) allow power to be
applied to the heater strip to establish a thermal gradient in
the glass sample, and (3) act as a sink for the heat generated by
the heater strip. (A complete apparatus description is located
in Reference (i).)
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Prior to the rocket flight, the experiment sample (sodium borate
glass with 29.9% Na20 ) was melted and resolidified in the silica
cell. Because of the different thermal expansion coefficients of
the silica cell and glass sample, microcracks were created in
both materials. The microcracks in the glass sample acted as
bubble generators for the experiment.
It was reported that during the SPAR flight, the experiment ap-
paratus operated flawlessly. Two hundred and forty-six
photographs (one per second) of the molten glass were taken to
characterize the bubble movement. Time-temperature data were ob-
tained, via telemetry, from the three thermocouples (two within
the sample and one welded to the Pt-Rh heater strip).
Post-flight examination of the re-solidified sample indicated a
large amount of crazing (cracking), which was attributed to ex-
pansion mismatch between the silica and glass sample. A large
void around one thermocouple well at the center of the channel
had formed during the flight.
The photographed bubbles had formed at either the top or bottom
(heater strip side) of the channel. Analysis of the time-
temperature data indicated that "...temperatures approached
steady state asymptotically. The farther a thermocouple was from
the heating area the longer it took to come to equilibrium ....
It is clear that any bubble motion studies made roughly during
the first 120 seconds will have to consider the changing tempera-
tures and temperature gradients." (i, p. V-41)
Initial analysis of the photographs illustrated the movement of
the bubbles toward the hotter areas of the sample. The
photographs were transferred to film to utilize the Vanguard Mo-
tion Analyzer (see Reference (I) for the analytical procedure).
Analysis of the film indicated two distinguishable periods during
the experiment. During the first period, melting, and hence
clearing (disappearance of microcracks) of the sample occurred
and many bubbles moved toward the hot spot. During the second
period, only one or two bubbles moved while the rest were sta-
tionary. The first period of bubble motion was attributed to
thermocapillary motion and mechanical re-equilibration, although
the extent of each effect was unknown. "Many of the bubbles ini-
tially formed in the glass as it melts are rapidly swept out of
the glass by the high temperature gradients that are present
while the sample is heating up. Since there is also a strong
vertical gradient these bubbles not only migrate along the chan-
nel but vertically to the platinum heater strip. Once they con-
tact the strip they become attached to it, and move only slowly
at best." (i, p. V-45)
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"As the experiment progresses [during the second period] bubbles
that were in the cooler areas and/or at the top of the channel
are slowly drawn toward the center of the channel. Bubbles
touching the top of the channel may tend to stick there." (i, p.
V-46)
Preliminary comparison with a Clarkson University model of ther-
mocapillary motion (see Reference (8)) was performed.
Reportedly, the observed motions of the bubbles appeared to be
consistent with theory. However, only semi-quantitative agree-
ment had been achieved. It was noted that further analysis was
required.
No other information concerning this experiment could be located
at this time. <Note: Several of the publications listed below
were not available to aid in the preparation of this experiment
summary.>
Key Words: Fluid Physics, Glasses, Glass Melts, Melt and
Solidification, Binary Systems, Multiphase Media, Cracks,
Bubbles, Bubble Migration, Marangoni Movement (Migration) of
Bubbles, Bubble Formation, Bubble Coalescence, Bubble Transport,
Thermocapillary Flow, Thermal Equilibrium, Thermal Fining, Ther-
mal Gradient, Surface Tension, Liquid/Gas Interface, Solid/Liquid
Interface, Volume Expansion, Buoyancy Effects Diminished, Sample
Detachment from Crucible
Number of Samples: one
sample Materials: sodium borate glass (29.9% Na20 )
(Na*B*Na*O*)
Container Materials: Cell material: fused silica with a platinum-
rhodium heater strip
(Si*O*)
Experiment/Material Appllcations:
During the production of glasses, bubbles are always present. On
Earth, these bubbles are removed by buoyant (gravity dependent)
or chemical (dopant introduction) fining procedures. However,
during reduced-gravity containerless production of ultra-pure or
other special glass systems, these procedures are not possible.
Thermal fining, by the application of a thermal gradient, repre-
sents a viable procedure since neither intrusion in the melt nor
gravity is required to perform the procedure.
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(ii) Meyyappan, M., Wilcox, W. R., and Subramanian, R. S.: Ther-
mocapillary Migration of a Bubble Normal to a Plane Surface. J.
Colloid Interface Sci., 83, p. 199 (1981).
Contact(s):
Dr. William R. Wilcox
Clarkson University
Potsdam, NY 13699-5700
Dr. D. M. Mattox
Westinghous R&D center
1310 Beulah Rd
Pittsburgh, PA 15235
Dr. H. D. Smith
Battelle Pacific Northwest Labs
902 Battelle Blvd.
Richland, WA 99352
Dr. M. Meyyappan
Scientific Research Assoc. Inc
P.O. Box 498
Glastonburn, CN 06033
Dr. R. S. Subramanian
Department of Chemical Engineering
Clarkson University
Potsdam, NY 13699-5705
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Principal Investigator(s): Elwe11, J. K. (1)
Co-Investigator(s): Yoel, D. (Payload Manager, Lead Engineer)
(2), Moore, R. G. (Contributor/Customer) (3)
Affiliation(s): (1) During STS-004: Utah State University, Logan,
Utah, Currently: QsI Corporation, Logan, Utah; (2) During STS-
004: Utah State University, Logan, Utah, Currently: Heatherington
Inc., Ventura, California; (3) During STS-004: Morton Thiokol,
Brigham City, Utah, Currently: Utah State University Space
Dynamics Laboratory, Logan, Utah
Experiment Origin: USA
Mission: STS Launch #4, STS-004 (STS OFT-4, Columbia)
Launch Date/Expt. Date: June 1982
Launched From: NASA Kennedy Space Center, Florida
Payload Type: College Student Experiment
NASA Get Away Special (GAS) Canister G-001
Volume of Canister: 5.0 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-001: Utah State University, Logan,
Utah/R. Gilbert Moore
prooesslng Faoillty: Solder-alloy samples processed in a heater
assembly
Builder of Processing Facillty: J. K. Elwell (Principal
Investigator)
Experiment:
Surface Tension Experiment - Shape of Liquid Meniscus (Experiment
Number 10-P)
This experiment was one of ten investigations housed within the
G-001 Get Away Special Canister during STS-004. Four other ex-
periments in the canister were applicable to this data base (see
Alford, STS-004 (Chapter 18); Dalley, STS-004 (Chapter 5); Laher,
STS-004 (Chapter 17); Thomas, T. L., STS-004 Chapter 14)).
The specific objective of this investigation was to observe the
shape of a liquid meniscus in the low-gravity environment.
During the mission, nine solder-alloy samples were to be melted
and resolidified. It was expected that the molten solder would
assume a "meniscus (lens) shape" and that this configuration
would be preserved by the solidification process.
Reportedly, experimental goals could not be completed as planned.
Data recorder failure, coupled with experiment fuse blowout, dis-
rupted expected results. <Note: It appears that the fuse blowout
prevented activation of the experiment during the mission.>
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No other information concerning this experiment could be located
at this time.
Key Words: Fluid Physics, Melt and Solidification, Free Surface,
Free Surface Solidification, Surface Tension, Meniscus Shape, Bi-
nary Systems, Liquid/Gas Interface, Lens Formation, Hardware Mal-
function, Sample Not Processed As Planned
Number of Samples: nine
Sample Materials: 50/50 solder alloy
Container Materlals: aluminum
(AI*)
Experiment/Material Appliaations:
None of the available references detailed the specific applica-
tions of the research. However, it is speculated that the ex-
perimental objectives may be related to the production of sophis-
ticated lenses and mirrors. If the space-created liquid meniscus
did assume the shape of a parabola, experimentation employing ap-
propriate materials might result in the production of superior
optical devices.
References/Appliaable Publications:
(i) Yoel, D., Walker, S., Elwell, J., and Moore, G.: The First
Getaway Special-How it was Done. Spaceworld, May 1983, pp. 9-16.
(post-flight)
(2) STS-4 Fourth Space Shuttle Mission, Press Kit, June 1982, p.
61. (preflight)
(3) Yoel, D. W.: Payload Integration of a Get Away Special
Canister. American Institute of Aeronautics and Astronautics,
Annual Meeting and Technical Display on Frontiers of Achievement,
Long Beach, California, May 12-14, 1981, 5 pp. (preflight)
(4) The STS Getaway Special.
1982. (preflight)
NASA Report PB82-I0223, May 20,
(5) Cargo Systems Manual: GAS STS-4. May 20, 1982, JSC-17645,
pp. 4-1 - 4-4. (preflight; very short description)
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(6) Overbye, D.: The Getaway Kids Shuttle Into History. Discover,
September 1982. (post-flight)
(7) Yoel, D. W.: Analysis of the First Getaway Special Space
Shuttle Payload, Thesis for M.S. in Physics, Utah State Univer-
sity, Logan, Utah, 1984. (post-flight)
(8) Moore, R. G.: Educational Implications of Getaway Special
Payload Number One. 32nd International Astronautical Federation
Congress, Rome, September 6, 1981, IAF-81-293. (preflight)
(9) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special canister mission
history)
(i0) Input received from Principal Investigator J.
August 1989.
K. Elwell,
(ii) Transcripts of press conference at NASA MSFC with G-001 Stu-
dent Experimenters and Sponsors, NASA, May 20, 1982.
(12) Get Away Special. NASA News, NASA MSFC, June 7, 1982.
Contact(s):
J. K. Elwell
President QSI Corp.
1740 Research Park Way
Logan, UT 84321
R. Gil Moore
Space Dynamics Lab
Utah State University
Logan, UT 84322-4140
David Yoel
Heatherington Inc.
4171 Market Street
Suite C-I
Ventura, CA 93003
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Princlpal Investigator(s}= Haynes, J. M. (1)
Co-Investlgator(s): Unknown
Affiliatlon(s): (1) University of Bristol, School of Chemistry,
Bristol, England
Experiment Origin: England
Mission: STS Launch #5, STS-005 (STS 31-A, Columbia)
Launch Date/Expt. Date: November 1982
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Unknown, possibly a middeck experiment
Processing Facility: Unclear. It appears a liquid d_p was
deployed from a syringe and "tethered" to a solid Teflon _' sur-
face (see Experiment summary below).
Builder of Processing Facility: Unknown
Experiment:
Interfacial Phenomena
This Space Shuttle STS-005 experiment was the first in a series
of investigations designed by Haynes to study interfacial
phenomena of fluids under low-gravity conditions.
Although discussions of the specific experimental objectives or
setup of this investigation were not detailed in available publi-
cations, a description of the inflight procedure was presented.
During the STS-005 mission, interracial phenomena were observed
by tearing a liquid drop of di-n-octyl phthalate to a solid
Teflon _'_ surface. Reportedly, the tethering was accomplished
"...by use of canthotaxis (= 'anchoring at an edge'), the solid
surface being provided with a sharply undercut edge at which the
spreading tendency is arrested." (1, p. 260) <Note: This
description of the tethering procedure (from Reference (1)) was
not clear to the editors. It appears that the working fluid was
injected onto the Teflon TM surface via a syringe (although this
fact was not specifically stated).> It was reported that this
technique worked well with the experimental materials.
Reference (1) (as listed below) discussed only the preliminary
observations concerning (1) fluid handling under low-gravity con-
ditions and (2) electrostatic effects. These observations in-
cluded the following:
(1) Practically, the handling of fluids under low-gravity condi-
tions is somewhat difficult. The working fluid used during the
STS-005 mission tended to spread over all surfaces.
(2) Removal of air bubbles from fluids contained in syringes was
a problem without the presence of buoyancy forces.
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(3) Strong electrostatic forces were encountered during the ex-
perimental Tun. "...a tethered liquid drop of spherical _orm and
about 25 cm _ volume, when presented to a perspex [Teflon TM] plate
which had been inadvertently charged by stripping off a protec-
tive covering, was observed to leap across a distance of several
centimeters, presumably as a result of electrostatic attraction."
(i, p. 257) Air bubbles apparently gained a charge when they
passed through a narrow feed-pipe into a tethered drop. The
charged liquid drop then assumed a conical shape with a semi-
angle of 25o-30 ° . At the tip of the cone, a "pulsatile
instability" was observed where small liquid drops were ejected
with some regularity.
<Note: Much of the inflight experimental procedures (relayed
above in item (3) and written based on Reference (i)), were un-
clear to the editors.>
No other discussion of the results could be located.
Key Words: Fluid Physics, Drops, Drop Formation, Solid/Liquid In-
terface, Interface Physics, Interface Phenomena, Fluid Manage-
ment, Liquid Injection, Liquid Spreading, Wetting Kinetics, Sur-
face Tension, Capillary Forces, Contact Angle, Bubbles, Electros-
tatic Effects, Surface Charge, Liquid Stability, Droplet Creation
Via a Syringe, Liquid Expulsion Through a Small Orifice, Liquid
Transfer, Bubble Formation, Bubble Removal, Buoyancy Effects
Diminished, Liquid/Gas Interface, Free Surface
Number of Samples: unknown
Sample Materials: Test fluid& di-n-octyl phthalate
Container Materlals: Teflon _n
Experiment/Material Applications:
Although no specific research applications were detailed in the
available publications, such investigations are important to ex-
periments involving liquid-bridge creation, capillary flow, etc.
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References/Appllcable Publications:
(i) Haynes, J. M.: Interfacial Phenomena and Their Relevance to
Microgravity Materials Processing. In Symposium on Industrial
Activity in Space, Stressa, Italy, May 2-4, 1984, Proceedings
Paris, Eurospace, 1984, pp. 254-261.
(2) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurments on the shuttle)
(3) Martinez, I., Haynes, J. M., and Langbein, D.: Fluid Statics
and Capillarity. In Fluids and Material Sciences in Space,
Edited by H. U. Walter, Springer-Verlag, 1987, pp. 53-80.
(related topics)
Contact(s):
Dr. J. M. Haynes
School of Chemistry
University of Bristol
GB-Bristol BS8 ITS
England
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Principal Investigator(s): Haynes, J. M. (1)
Co-Investigator(s): Unknown
Affiliatlon(s): (1) University of Bristol, School of Chemistry,
Bristol, England
Experiment Origin: England
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab i: Columbia)
Launch Date/Expt. Date: November 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Material Science Double Rack
(MSDR)
Processing Facility: Fluid Physics Module (FPM)
Builder of Processing Facility: FIAT C. R., Italy
Experiment:
_inetics of Spreadinq of Liquids on Solids (IES327)
This Spacelab 1 experiment-was the second in a series investiga-
tions designed by Haynes to study interfacial phenomena of fluids
under low-gravity conditions (see Haynes, STS-005). The specific
objective of the experiment was to investigate the dynamic be-
havior of a tethered liquid drop after contact with a plane solid
surface.
The Spacelab-1 Fluid Physics Module (FPM) was used to conduct the
experiment. During the planned experimental sequence, two dif-
ferent fluids were to be deployed onto both clean, and prewetted
solid steel surfaces. However, the FPM "...suffered catastrophic
failure early in the mission because of the inability of the
chemical 'anti-spread barrier' to inhibit [excessive] spreading
of the silicone oil used as working fluid: tethered drops of the
required size simply could not be grown on the feed plate, prior
to spreading." (1, p. 44) (A discussion of these failures is
given in Reference (2).) Although improvements were made to the
FPM, it was still impossible to grow drops of the intended size.
Despite the above mentioned drop-formation difficulties, some
liquid spreading experiments were performed. On-orbit changes to
the FPM facility were necessary to complete the experiments. A
perspex disk (51.5 mm dia.) was attached to the standard FPM feed
plate through which a volume (17.25 cm _) of 5 cS silicone oil was
injected. The fluid formed a drop of approximately 14.9 mm
spherical cap height. A curved fillet of liquid, approximately
2-3 cm , formed behind the undercut edge of the disk. _he drop
was slowly contacted with a clean, dry duralumin disc of i0 cm
diameter. The subsequent spreading process was recorded with a
video camera.
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Analysis of the recorded film indicated that initially the
silicone oil spread rapidly. After 0.7 seconds, the fluid motion
decayed to a slower spreading. Drop volumes and interfacial
areas were determined for the first 2.02 seconds of the experi-
ment (see Reference (i) for data). It was reported "...that the
area of the liquid/vapour interface increases continuously after
spreading. The spreading process therefore does work on the
liquid/vapour interface, this being supplied by the spontaneous
conversion of solid/vapour to solid/liquid interface at the
spreading line. Indeed, in the early stages of spreading the
area of the solid/liquid interface grows faster than that of the
liquid/vapour interface, and the difference [area of
liquid/vapour interface minus area of solid/liquid interface]
thus decreases at first, although it reaches a minimum before the
end of the rapid process and increases thereafter." (I, p. 45)
It was also reported that before contact with the duralumin
plate, the drop exhibited a non-spherical shape. The central
axis of the drop was inclined to the normal of the two plates.
These results were attributed to electrostatic effects which were
also observed during the STS-005 experiment (see Haynes, STS-
005).
<Note: It was indicated in Reference (i) that three or four
spreading sequences were recorded. However, results on only one
of the sequences were located in the applicable publications.>
Key Words: Fluid Physics, Drops, Drop Formation, Sphericity, Par-
ticle Growth, Solid/Liquid Interface, Liquid/Gas Interface,
Liquid/Vapor Interface, Interface Physics, Interface Phenomena,
Fluid Management, Meniscus Shape, Liquid Dynamic Response, Liquid
Spreading, Wetting Kinetics, Surface Tension, Capillary Forces,
Contact Angle, Electrostatic Effects, Liquid Expulsion Through a
Small Orifice, Liquid Injection, Liquid Transfer, Coated Sur-
faces, Free Surface, Processing Difficulties
Number of Samples: unknown
Sample Materials: Working fluid: 5 cS silicone oil; surface
material: steel
Container Materials: not applicable
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Experiment/Material Applications:
See Haynes, STS-005.
References/Applicable Publications:
(1) Haynes, J. M.: Kinetics of Spreading Liquids in Microgravity
Experiment 1 ES 327. In ESA 5th European Symposium on Material
Sciences Under Microgravity, Results of Spacelab 1, Schloss EI-
mau, November 5-7, 1984, ESA SP-222, pp. 43-46. (post-flight)
(2) Haynes, J. M. : Assessment of SL-I Results - 1 ES 327:
Spreading Kinetics and 1 ES 339 Capillary Hysteresis. Earth
Oriented Applications of Space Technology, Vol. 5, No. 1-2, 1985,
pp. 67-68. (post-flight)
(3) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements on Spacelab i))
(4) Gonfalone, A.: The Fluid Physics Module-A Technical Descrip-
tion. In ESA 5th European Sympsoium on Materials Sciences Under
Microgravity, Results of Spacelab i, Scloss Elmau, November 5-7,
1984, ESA SP-222, pp. 3-7. (apparatus description)
(5) Haynes, J. M.: Interfacial Phenomena and Their Relevance to
Microgravity Materials Processing. In Proceedings of the Sym-
posium on Industrial Activity in Space, Stressa, Italy, May 2-4,
1984, pp. 254-261. (post-flight)
(6) Ceronetti, G.: The Fluid Physics Module Design. XXV Rassegna
Internazionale Elettronica Nucleare Ed Aerospaziale, Roma, March
10-19, 1978, pp. 76-83. (prior to Spacelab i)
(7) Martinez, I., Haynes, J. M., and Langbein, D.: Fluid Physics
and Capillarity. In Fluid Sciences and Materials Sciences in
Space, Edited by H. U. Walter, Springer-Verlag, 1987, pp. 53-80.
(related topics)
Contact(s):
Dr. J. M. Haynes
School of Chemistry
University of Bristol
GB-Bristol BS8 ITS
England
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Prlnoipal Investigator(s): Haynes, J. M. (1)
Co-Investlgator(s}: Unknown
Affillatlon(s): (1) University of Bristol, School of Chemistry,
Bristol, England
Bxperiment Origin: England
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab 1: Columbia)
Launch Date/Expt. Date: November 1983
Launohed From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Material Science Double Rack
(MSDR)
Processing Facility: Fluid Physics Module (FPM)
Builder of Processing Facility: FIAT C. R., Italy
Experiment:
Interracial Instability and Capillary Hysteresis (IES339)
This Spacelab 1 experiment was the third in a series of inves-
tigations designed by Haynes to study interfacial phenomena of
fluids under low-gravity conditions (see Haynes, STS-005; Haynes,
Spacelab 1, Experiment #IES 327). Reportedly, the specific ob-
jective of the experiment was "...to investigate the stability
bounds of alternative capillary configurations of liquid sup-
ported in an array of three equal solid spheres, and the hys-
teresis in the relationship between liquid volume and interfacial
curvature which would be caused by irreversible transitions be-
tween the accessible configurations at the limits of their
stability." (1, p. 67) <Note: additional information describing
how this complex objective was to be achieved could not be lo-
cated at this time. Further, details (or pictures) of the ex-
perimental setup were not presented in the available documents.>
The Spacelab-i Fluid Physics Module was to be used for the ex-
periment. However, the experiment "...could not be operated as
planned.., because the screw thread on the replacement syringe
failed to engage during in-flight assembly of the hardware in the
FPM." (1, p. 67) <Note: no further information about the role of
the "replacement syringe" could be located at this time.> In-
stead, another experimental procedure was improvised: the
Payload Specialist manually operated the associated equipment
outside of the FPM and recorded the results with an on-board cine
camera. <Note: further details of the planned and actual ex-
perimental procedures could not be located in the available pub-
lications.>
At this time, no publications could be located which discussed
the results from this experiment. Reference (1) states that the
cine film had not been received and thus analysis had not been
performed.
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Key Words: Fluid Physics, Capillary Forces, Solid/Liquid Inter-
face, Surface Tension, Free Surface, Wetting Kinetics, Liquid
Spreading, Contact Angle, Spheres, Interface Physics, Interracial
Curvature, Interface Phenomena, Interface Stability, Hardware
Malfunction
Number of Samples: unknown
Sample Materials: unknown
Container Materials: unknown
Experiment/Material Applications:
See Haynes, STS-005.
References/Applicable Publications:
(i) Haynes, J. M.: Assessment of SL 1 Results: IES 327: Spreading
Kinetics and i ES 339: Capillary Hysteresis. Earth Oriented Ap-
plications of Space Technology, Vol. 5, No. 1/2, 1985, pp. 67-68.
(post-flight)
(2) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986 Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements on Spacelab i)
(3) Gonfalons, A.: The Fluid Physics Module-A Technical Descrip-
tion. In ESA 5th European Symposium on Materials Sciences Under
Microgravity, Results of Spacelab i, Schloss Elmau, November 5-7,
1984, ESA SP-222, pp. 3-7. (apparatus description)
(4) Ceronetti, G.: The Fluid Physics Module Design. XXV Rassegna
Internazionale Elettroica Nucleare Ed Aerospaziale, Roma, March
10-19, 1978, pp. 76-83. (prior to Spacelab i)
(5) Martinez, I., Haynes, J. M., and Langbein, D.: Fluid Statics
and Capillarity. In Fluid Sciences and Materials Science in
Space, Edited by H. U. Walter, Springer-Verlag, 1987, pp. 53-80.
(related topics)
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Contact(s):
Dr. J. M. Haynes
School of Chemistry
University of Bristol
GB-Bristol BS8 ITS
England
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Principal Investigator(s): Thomas, S. (1)
Co-Investlgator(s): Moore, R.G. (Payload Manager) (2)
Affiliation(s): (1) Pre STS-005: Richland High School, Johnstown,
Pennsylvania, During STS-005: Utah State University, Logan, Utah,
Currently: Santa Cruz Institute for Particle Physics, University
of California at Santa Cruz; (2) During STS-005: Thiokol Corpora-
tion, Brigham City, Utah, Currently: Space Dynamics Laboratory,
Utah State University, Logan, Utah
Experiment Origin: USA
Mission: STS Launch #5, STS-005 (STS 31-A, Columbia)
Launch Date/Expt. Dater November 1982
Launched From: NASA Kennedy Space Center, Florida
Payload Type: High School Student Experiment, Shuttle Student In-
volvement Program (SSIP), Middeck Experiment
Processing Facility: Seven heater pans were employed. A ther-
mofoil heater was placed under the pans.
Builder of Processing Facilityz Thiokol Corporation, Brigham
City, Utah. Electronic control and data handling designed by
James Elwell, Utah State University, Logan, Utah
Experiment:
Surface Tension Convection (SE81-9)
This experiment was the first in a series of investigations
designed by S. Thomas et al. to study surface-tension-driven con-
vection in the low-gravity environment. The specific objective
of the experiment was to investigate the effects of boundary-
layer conditions and geometry on the onset and development of
Marangoni convection.
During the mission, Krytox oil was injected (via syringes) into a
number of 7 cm and i0 cm diameter aluminum-bottomed pans. During
most of these injections, the liquid did not spread over the bot-
tom of the pans creating the desired uniform layer of liquid;
rather, the oil formed into large drops (many centimeters in
diameter) and attached to the pan bottoms. (It was later con-
cluded that lids, placed over the pans for safety reasons,
restricted proper injection of the liquid.) When the pans con-
taining these drops were heated from below, radial surface-
tension-driven convection, extending from the drop edge to the
drop center, occurred. The flow was driven by the thermally in-
duced, radial surface tension gradient along the drop's free sur-
face. In the center of some drops, a single, large convection
cell formed, presumably as a result of the Marangoni instability
since the radial temperature gradients could not produce such a
flow.
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One pan was filled to nearly uniform depth. When heated from
below, the convection in this pan formed as radially oriented
rolls with a single cell in the center. The boundary between the
cell and the rolls decreased in diameter with time until the cell
disappeared, leaving only radial rolls. This was a result of the
interplay between the temperature gradient along the free surface
(driving the rolls) and the temperature gradient perpendicular to
the surface (driving the cell).
Reportedly, the experiment was scheduled for reflight. <Note:
It does not appear that this experiment has been reflown to date,
although S. Thomas did have two related experiments on two other
Shuttle flights (see Thomas, S. STS-011 and STS-017 (this
chapter)).>
Key Words: Fluid Physics, Free Surface, Surface Tension, Drops,
Surface Tension-Driven Convection, Marangoni Convection, Ther-
mocapillary Convection, Cellular Convection, B_nard Convection,
Buoyancy Effects Diminished, Heat and Mass Transfer, Thermal
Gradient, Liquid Spreading, Wetting Kinetics, Non-Wetting of Con-
tainer, Liquid Expulsion Through a Small Orifice, Liquid Trans-
fer, Fluid Management, Droplet Creation Via a Syringe, Liquid/Gas
Interface, Tracer Particles
Number of Samples: seven
Sample Materials: Krytox oil (containing aluminum flakes to allow
flow visualization)
Container Materials: The heater pans had aluminum bottoms and RTV
rubber sidewalls.
Experiment/Material Applications:
This experiment was designed to study thermally-induced surface
tension convection. Such low-gravity investigations allow a
detailed examination of the role of Marangoni forces without the
overwhelming gravity-induced forces.
References/Applicable Publications:
(i) STS-5 Fifth Space Shuttle Mission, NASA Press Kit,
1982, pp. 39-40. (preflight)
October
(2) Spinoff 1983; NASA Publication: Student Experiments, p. 25.
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(3) Surface Tension Convection in Microgravity, Summary Report,
Prepared by Johnson Engineering Corporation, Boulder, Colorado, 5
pp. (post-flight)
(4) Thiokol Sponsors Student Experiment Aboard Space Shuttle STS-
5. Press Release, Thiokol, Wasatch Division, Utah 1982.
(preflight)
(5) Input received from Principal Investigator S. Thomas, Septem-
ber1989.
(6) Surface Tension Convection in Microgravity. In Shuttle Stu-
dent Involvement Program (SSIP) Final Reports of Experiments
Flown, NASA/JSC Internal Note, JSC 24005, October 20, 1989.
contact(s]:
Dr. Scott Thomas
Santa Cruz Institute for Particle Physics
University of California at Santa Cruz
Santa Cruz, CA 95604
Neil Cristie
SP-33
NASA Johnson Space Center
Shuttle Student Involvement Program
2101 NASA Road 1
Houston, TX 77058
R. Gil Moore
Space Dynamics Lab
Utah State University
Logan, UT 84322-4140
12-186
Principal Investigator(s): Thomas, S. (i)
Co-Investigator(s} : Megill, L. R. (Payload Manager and
Contributor) (2)
Affiliatlon(s): (1) During STS-011: Utah State University, Logan,
Utah, Currently: Santa Cruz Institute for Particle Physics,
University of California at Santa Cruz; (2) During STS-011: Utah
State University Faculty, Logan, Utah, Currently: ARME En-
terprises, Hyrum, Utah
Experiment Origin: USA
Mission: STS Launch #i0, STS-011 (STS 41-B, Challenger)
Launch Date/Expt. Date: February 1984
Launched From: NASA Kennedy Space Center, Florida
Payload Type: College Student Experiment
NASA Get Away Special (GAS) Canister G-004
Volume of Canister: 2.5 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of this experiment within G-004: Utah
State University, Logan, Utah
Processing Faaility: Two heated copper cylinders between which a
column of paraffin was supended
Builder of Processing Facility: Principal Investigator S. Thomas
and Utah State University, Logan Utah
Experiment:
Thermocapillary Convection (Float Zone)
This experiment was the second in a series of investigations
designed by S. Thomas et al. to study surface-tension-driven con-
vection in the low-gravity environment (see Thomas, S., STS-005).
The experiment was one of six investigations housed within Get
Away Special Canister G-004 on STS-011. Three other experiments
(of the six) were applicable to this data base (see Kitaura, STS-
011 (Chapter 2), and Gadsden, STS-011 (two experiments, Chapters
15 and 18)). The objective of this experiment was to examine
thermocapillary flow in an experimental setup analogous to a
float zone.
During the STS mission, a solid cylinder of paraffin wax, sup-
ported by two copper cylinders, was heated differentially from
its ends. Surface tension driven flow could be observed by fol-
lowing the motion of aluminum powder suspended within the molten
wax. Unexpectedly, a teflon cup, which was employed to partially
enclose the paraffin surface for launch, failed to retract on or-
bit. Reportedly, thermocapillary flow was observed, but no use-
ful data were obtained.
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Key Words: Fluid Physics, Melt and Solidification, Float Zones,
Liquid Bridges, Free Surface, Surface Tension, Surface Tension-
Driven Convection, Marangoni Convection, Thermocapillary Convec-
tion, Thermal Gradient, Heat Transfer, Tracer Particles,
Liquid/Gas Interface, Containerless Processing Applications,
Hardware Malfunction, Processing Difficulties
Number of Samples: one
Sample Materials: paraffin (wax) with aluminum powder
Container Materials: sample supported by two copper cylinders
(cu*)
Experiment/Material Applications:
Thermocapillary flow and material phase change were studied in a
float zone geometry. Such investigations have applications in
the area of containerless processing of crystalline materials.
References/Applicable Publications:
(I) Cargo Systems Manual: GAS Annex for STS-II, JSC-17645 Annex
STS-11, December 2, 1983. (preflight)
(2) Thomas, S.: Thermocapillary Flow and Phase Change in
Microgravity: Results from GAS Payload G-004. In Goddard Space
Flight Center's 1984 Get Away Special Experimenter's Post "Sym-
posium Proceedings (Addendum) Greenbelt, Maryland, 1984, pp. 73-
75. (post-flight)
(3) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special canister mission
history)
(4) Getaway Special (GAS) Payloads (STS-II). In Goddard Space
Flight Center's Engineering Newsletter, Vol. 2, No. 3, April
1984, published by the Engineering Directorate. (p. 8, short
description)
(5) Input received from Principal Investigator S. Thomas, Septem-
ber 1989.
(6) NASA Press Kit, STS-12, p. 23. (preflight)
(7) STS-II Get Away Special Payload Descriptions.
NASA/GSFC, 1984.
NASA News,
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(8) 1984 Student GAS Program, internal documentation, Utah State
University, Logan, Utah.
Contact(s):
Dr. Scott Thomas
Santa Cruz Institute for Particle Physics
University of California at Santa Cruz
Santa Cruz, CA 95064
Rex Megill
ARME Enterprises
96 South 100 West
Hyrum, UT 84319
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Principal Investigator(s): Thomas, S. (1)
Co-Investigator(s): Megill, L. R. (Payload Manager) (2),
Utah State University/Jensen, B. C. (Contributor/Customer) (3)
Affiliation(s): (1) During STS-017: Utah State University, Logan,
Utah, Currently: Santa Cruz Institute for Particle Physics,
University of California at Santa Cruz; (2) During STS-017: Utah
State University Faculty, Logan, Utah, Currently: ARME En-
terprises, Hyrum, Utah; (3) Logan, Utah
Experiment Origin: USA
Mission: STS Launch #13, STS-017 (STS 41-G, Challenger)
Launch Date/Expt. Date: October 1984
Launched From: NASA Kennedy Space Center, Florida
Payload Type: College Student Experiment
NASA Get Away Special (GAS) Canister G-518
Volume of Canister: 2.5 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-518: Utah State University, Logan,
Utah
Processing Facility: Two heated copper cylinders between which a
column of paraffin was suspended (Extensive modifications were
made to supporting hardware post STS 41-B (G-004).)
Builder of Processing Facility: Principal Investigator S. Thomas
and Utah State University, Logan, Utah
Experiment:
Thermocapillary Convection (Float Zone)
This experiment was the third in a series of investigations
designed by S. Thomas et al. to study surface-tension-driven con-
vection in the low-gravity environment (see Thomas, S., STS-005
and STS-011).
The experiment was one of four investigations housed within the
G-518 Get Away Special canister during STS-017. The three other
experiments (of the four) were applicable to this data base (see
Kitaura, STS-017 (Chapter 2); Walden, STS-017 (Chapter 18);
"Solder Flux Separation," STS-017 (Chapter 18, Principal Inves-
tigator Unknown)).
During the mission, a solid cylinder of paraffin wax, supported
by two copper cylinders, was heated at one end. (The column was
suspended in a nitrogen gas environment.) The paraffin melted and
thermocapillary flow resulting in the liquid bridge was observed
by following the motion of aluminum powder suspended within the
molten wax.
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Reportedly, "After one-half hour of warmup, two runs were con-
ducted, separated by an hour of cooldown. Early in the runs,
when Marangoni numbers were lower, steady laminar thermocapillary
flow was established. At Marangoni numbers above i0000, transi-
tion to oscillatory flow was expected to begin. This periodic
flow was established at a Marangoni number of about 30000 with a
period of about 8 sec .... (It was fortunate that two runs were
made as a camera failure precluded getting any visual data on the
first run.)" (6, p. 9) The flow was highly asymmetric along the
cylindrical axis, presumably because of asymmetric radial heat
loss.
A flow in the nitrogen gas outside the liquid was also observed.
When a nylon string (which held a thermistor in place) was ac-
cidentally melted and produced smoke, "This smoke serun-
dipitiously acted as trace particles for convection which unex-
pectedly occurred in the gas to one side of the liquid column."
(i, p. 299) This gaseous convection was driven by a strong
boundary layer in the liquid just adjacent to the heater. The pe-
riodic oscillation in the paraffin thermocapillary flow occurred
some time after heating began and after the gaseous convection
was well established. A pulse occurred in the gaseous flow coin-
cident with the liquid oscillation, implying the two were
strongly coupled. A small deflection in the liquid surface oc-
curred at each pulse and was convected down nearly the entire
length of the bridge. It was found that significant convection
occurs in the gas bounding a float zone which is undergoing ther-
mocapillary flow. The gaseous convection can significantly af-
fect heat loss and is definitely coupled to the oscillations and
instabilities in the liquid.
Unrelated to the flows described above, near the end of the ex-
periment, the liquid bridge underwent a bulk vibration,
presumably due to a thruster firing or spacecraft keeping
maneuver.
Key Wozdsz Fluid Physics, Melt and Solidification, Float Zones,
Free Surface, Surface Tension, Transparent Liquids, Liquid
Bridges, Heat Transfer, Surface Tension-Driven Convection, Maran-
goni Convection, Thermocapillary Convection, Oscillatory Maran-
goni Convection, Time Dependent Thermocapillary Flow, Steady to
Oscillatory Convective Transition, Critical Marangoni Number,
Thermal Gradient, Asymmetric Temperature Field, Liquid/Gas Inter-
face, Gaseous Convection, Fluid Stability, Liquid Bridge
Stability, Float Zone Stability, Acceleration Effects, Tracer
Particles, Containerless Processing Applications, Photographic
Difficulties
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Number of Samples: Two runs were performed using one float zone
setup.
Sample Materials: paraffin (wax) containing aluminum powder for
flow visualization
Container Materials: Sample supported by two copper cylinders
(cu*)
Experiment/Material Applications:
Thermocapillary flow and gaseous convection were studied in a
float zone geometry. Such studies and subsequent findings are of
importance to containerless processing of crystalline materials.
References/Applicable Publications:
(i) Thomas, S.: Thermocapillary Flow and Gaseous Convection in
Microgravity: Results from GAS Payload G-0518. In 1985 Getaway
Special Experimenter's Symposium, NASA CP-2401, pp. 293-301.
(post-flight Results)
(2) Cargo Systems Manual: GAS Annex for STS 41-G. JSC-17645 41-G,
September 4, 1984. (short description; preflight)
(3) Thomas, S.: Thermocapillary Flow and Gaseous Convection in
Microgravity. Center for Atmospheric and Space Science Report,
Utah State University, Logan, Utah, 1986. (post-flight analysis)
(4) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special canister mission
history)
(5) Input received from Principal Investigator S. Thomas, Septem-
ber 1989.
(6) Hill, M. E. and O'Malley, T. F.: A Summary of Existing and
Planned Experiment Hardware for Low-Gravity Fluids Research.
NASA TM-I03706; also, AIAA-91-0777, AIAA 29th Aerospace Sciences
Meeting, January 7-10, 1991, Reno, Nevada, 44 pp., specifically
p. 9. (post-flight)
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Contact(s):
Dr. Scott Thomas
Santa Cruz Institute for Particle Physics
University of California at Santa Cruz
Santa Cruz, CA 95064
Bartell C. Jensen
Vice President
Research Center for Atmospheric and Space Sciences
Utah State University
Logan, UT 84322
Rex Megill
ARME Enterprises
96 South i00 West
Hyrum, Utah 84319
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Principal Investigator(s): Legros, J. C. (i), P_tre, G. (2)
Co-Investigator(s): Unknown
Affiliation(s): (1,2) Physical Chemistry Department, Universit_
Libre de Bruxelles, Brussels, Belgium
Experiment Origin: Belgium
Mission: TEXUS 8
Launch Date/Expt. Date: May 1983
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-6: experi-
ment cell equipped with electric heaters and viewing ports (a
slide door/piston system was used to initiate liquid into the ex-
periment cell).
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Effects of Surface Tension Minimum on Thermocapillary Convection
Surface-tension-driven convection (also known as Marangoni
convection) results because fluid elements on the liquid free
surface with a low surface tension tend to flow toward fluid
areas of higher surface tension. The surface tension of most
fluids decreases as the fluid temperature increases. However,
some fluids, such as aqueous alcohol solutions, have a surface
tension minimum when plotted with temperature: surface tension
decreases with increasing temperature down to a minimum tempera-
ture (and minimum surface tension) and then begins to experience
an increase in surface tension with temperature.
On Earth, both surface-tension-driven convection and buoyancy-
driven convection act on the fluid system. In a reduced-gravity
environment, the Marangoni convective contributions should be
more easily discerned. "Thus, when the motor of the convection
is the thermocapillary effect alone, it is expected that at tem-
peratures around the minimum, the convection will slow down and
that the onset of oscillatory modes.., will appear for higher
thermal constraints." (i, p. 301) An imposed temperature dif-
ference, (delta T) = T 1 - T 2, parallel to a liquid-gas interface,
will cause flows in the adjoining phases. It had been observed
that, if T 1 and T 2 are lower than the Tmi_ then surface flow is
from the hot side to the cold side. The _low is opposite if T 1
and T 2 are above Tmi n-
This TEXUS 8 experiment was the first in a series of investiga-
tions designed by Legros et al. to study the effect of a surface
tension minimum on thermocapillary convection. The specific ob-
jective of the experiment was to observe fluid motion under an
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Contact(s):
Dr. Scott Thomas
Santa Cruz Institute for Particle Physics
University of California at Santa Cruz
Santa Cruz, CA 95064
Bartell C. Jensen
Vice President
Research Center for Atmospheric and Space Sciences
Utah State University
Logan, UT 84322
Rex Megill
ARME Enterprises
96 South i00 West
Hyrum, Utah 84319
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Principal Investigator(s): Legros, J. C. (i), Petre, G. (2)
Co-Investigator(s): Unknown
Affiliation(s): (1,2) Physical Chemistry Department, Universit_
Libre de Bruxelles, Brussels, Belgium
Experiment Origin: Belgium
Mission: TEXUS 8
Launch Date/Expt. Date: May 1983
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-6: experi-
ment cell equipped with electric heaters and viewing ports (a
slide door/piston system was used to initiate liquid into the ex-
periment cell).
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Effects of Surface Tension Minimum on Thermocapillary Convection
Surface-tension-driven convection (also known as Marangoni
convection) results because fluid elements on the liquid free
surface with a low surface tension tend to flow toward fluid
areas of higher surface tension. The surface tension of most
fluids decreases as the fluid temperature increases. However,
some fluids, such as aqueous alcohol solutions, have a surface
tension minimum when plotted with temperature: surface tension
decreases with increasing temperature down to a minimum tempera-
ture (and minimum surface tension) and then begins to experience
an increase in surface tension with temperature.
On Earth, both surface-tension-driven convection and buoyancy-
driven convection act on the fluid system. In a reduced-gravity
environment, the Marangoni convective contributions should be
more easily discerned. "Thus, when the motor of the convection
is the thermocapillary effect alone, it is expected that at tem-
peratures around the minimum, the convection will slow down and
that the onset of oscillatory modes.., will appear for higher
thermal constraints." (i, p. 301) An imposed temperature dif-
ference, (delta T) = T 1 - T2, parallel to a liquid-gas interface,
will cause flows in the adjoining phases. It had been observed
that, if T 1 and T 2 are lower than the Tmi_ then surface flow is
from the hot side to the cold side. The _low is opposite if T 1
and T 2 are above Tmi n.
This TEXUS 8 experiment was the first in a series of investiga-
tions designed by Legros et al. to study the effect of a surface
tension minimum on thermocapillary convection. The specific ob-
jective of the experiment was to observe fluid motion under an
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imposed temperature difference such that T 1 and T 2 are above
Tmi n •
The experiment was performed in the TEXUS Experiment Module TEM
06-6. The mo_le contained a rectangular stainless steel c_ll
with two Pyrex observation w_ndows. The cell was 3 x i0- m
long by 2 _ 10 -2 m high by i0- m wide. A n-heptanol solution
(6.3 x i0 -j molal, Tmi n = 40 °C) containing 90,micron diameter
Dow latex particles was used as the test fluid.
During the low-gravity phase of the mission, the cell was par-
tially filled by activating a slider between the empty cell and a
fluid reservoir. A pneumati_iston slowly pushed the fluid into
the cell. "Small... [Teflon_*_]_ieces in the metall_ walls and
grooves coated with... [Teflon _'_] in the... [Pyrex Tm] windows
succeeded in stopping the creeping of the fluid. After the fill-
ing,__he depth of the liquid in the middle of the surface was 6.6
x i0 _ m and the radius of curvature of the surface along the
meridian plane was 2.95 x 10 -2 m." (i, p. 305) Opposite sides of
the cell were differentially heated imposing a temperature
gradient parallel to the liquid-gas interface. Both side tem-
peratures were above the Tmi n temperature of 40 °C (placing them
in the range that the surface tension increases with the tempera-
ture of the aqueous solution). A 16-mm camera was used to film
(i) the filling of the cell and (2) the resultant convective mo-
tion (25 frames/sec). <Note: See Reference (I) and/or Reference
(2) for further experimental setup details.>
Post-flight examination of the thermal data indicated the tem-
erature of the hot side was a constant 66 °C (plus or minus 0.i
C) and that of the cold side was 46 °C (plus or minus 0.i °C).
Reportedly, the initial concentration of the latex particles was
not constant. However, this allowed a good visualization of the
fluid stream lines because of elongation of the high concentra-
tion regions.
Reportedly, the experiment was a success, leading to the follow-
ing conclusions:
(I) The Teflon TM pieces in t_ stainless steel walls and Teflon TM
coated grooves in the Pyrex _* prevented the fluid from creeping
up the walls and resulted in a rather flat gas-liquid interface.
(2) The observed fluid flow was from the cold to the hot side, as
expected.
(3) The convective flows were initiated at the interface near the
hot side and developed slowly. After about 6 minutes, a single
flow cell occupied the entire volume.
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(4) At any particular time the velocities at the interface were
dependent upon position with respect to the thermal gradient.
The velocities were higher nearest the hot wall and decreased at
a rate of -0.0136 x 10 -3 m/s 2 (velocity/time).
(5) The velocities near the interface were higher than those in
the bulk liquid.
From these results (see Reference (i) for more details of the
velocity fields), it was determined that (within the temperature
range of the experiment) "...the surface tension is increasing
with temperature, indirectly indicating that a surface tension
minimum is present at a lower temperature, and thus is still ex-
isting under such non equilibrium convective conditions." (5, p.
135)
Reportedly, the amount of reduced-gravity time that the TEXUS
rocket could produce was too short to achieve steady state condi-
tions. Thus, the surface velocities were still increasing at the
end of the low-gravity period.
Key Words: Fluid Physics, Open Cavity, Partially Filled Con-
tainers, Aqueous Solutions, Free Surface, Meniscus Shape, Surface
Tension, Surface Tension Gradients, Heat Transfer, Surface Ten-
sion Minimum, Surface Tension-Driven Convection, Marangoni Con-
vection, Thermocapillary Convection, Oscillatory Marangoni Con-
vection, Time Dependent Thermocapillary Flow, Cellular Convec-
tion, Buoyancy Effects Diminished, Thermal Gradient, Interfacial
Curvature, Liquid/Gas Interface, Solid/Liquid Interface, Fluid
Stability, Flow Velocity, Liquid Reservoir, Liquid Transfer,
Coated Surfaces, Liquid Spreading, Wetting, Piston System, Tracer
Particles
Number of Samples: one
Sample Materials: n-Heptanol aqueous solution (6.3 x 10 -3 molal)
with 90 micron diameter, Dow latex particles
Container Materials: stainless steel cell with Pyrex TM windows
Experiment/Material Applications:
Research applications of fluids exhibiting a surface tension min-
imum were not detailed in the available publications.
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The specific reasons why n-heptanol was selected were not
detailed in the available publications. It is believed that an
n-heptanol aqueous solution was used because of its particular
surface tension properties.
References/Applicable Publications:
(i) Limbourg-Fontaine, M. C., Petr_, G., and Legros, J. C.: Texus
8 Experiment: Effects of a Surface Tension Minimum on Ther-
mocapillary Convection. PCH PhysicoChemical Hydrodynamics Vol.
6, Number 3, 1985, pp. 301-310. (post-flight)
(2) Legros, J. C., Limbourg-Fontaine, M. C., and P4tre, G.: In-
fluence of Surface Tension Minimum as a Function of Temperature
on the Marangoni Convection. Acta Astronautica, Vol. ii, Number
2, 1987, pp. 143-147. (preflight; experimental setup)
(3) Legros, J. C., Petre, G., Limbourg-Fontaine, M. C., Villers,
D., and Platten, J. K.: Thermocapillary Convection Around a Sur-
face Tension Minimum: A Microgravity Experiment (TEXUS 8) and
Numerical Simulation. 5th Elgra Meeting Proceedings in Elgra
News, 6, 1984, pp. 41-49.
(4) Legros, J. C., Petre, G., and Limbourg-Fontaine, M. C.: Study
of Marangoni Convection Around a Surface Tension Minimum Under
Microgravity Conditions. Advances in Space Research, Vol. 4,
Number 5, pp. 37-41, 1984. (post-flight)
(5) Legros, J. C., Limbourg-Fontaine, M. C., and Petre, G.: Sur-
face Tension Induced Convection in Presence of a Surface Tension
Minimum. In Scientific Results of the German Spacelab Mission
DI, Norderney Symposium, Norderney, Germany, August 27-29, 1986,
pp. 131-140. (post-flight)
(6) Influence of a Surface Tension Minimum on the Marangoni Ef-
fect. In Summary Review of Sounding Rocket Experiments in Fluid
Science and Materials Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA
SP-I132, February, 1991, pp. 60-61. (post-flight)
Contact(s):
Dr. J. C. Legros or G. P_tre
Universit_ Libre de Bruxelles (U.L.B.)
Chimie Physique
E. P. (CP) 165
50 Av. F. D. Roosevelt
B-1050 Bruxelles
Belgium
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Principal Investigator(s): Legros, J. C. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) Physical Chemistry Department,
Libre de Bruxelles, Brussels, Belgium
Universit_
Experiment Origin: Belgium
Mission: TEXUS 9
Launch Date/Expt. Date: May 1984
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-8: experi-
ment cell equipped with fluid injection mechanism and electric
heaters (same apparatus as used on TEXUS 8 but for TEXUS 9 (i) a
bellows system replaced the piston assembly and (2) a differen-
tial interferometer was added)
Builder of Processing Facillty: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Effects of Surface Tension Minimnm on Thermocapillary Convection
This TEXUS 9 experiment was the second in a series of investiga-
tions designed by Legros et al. to study the effect of a surface
tension minimum on thermocapillary convection (see Legros, TEXUS
8). The earlier TEXUS 8 experiment in this investigative series
subjected a free-surface cell to a temperature difference such
that T I and T_ were above the temperature at which the fluid has
a surface tension minimum Tmin. - The specific objective of the
TEXUS 9 experiment was to SuD]ect a similar fluid cell to a tem-
perature difference such that T 1 was less than T__ n and T 2 was
greater than Tmi _. This temperature difference a_owed examina-
tion of the flula flows at the surface tension minimum. <Note:
See Legros, TEXUS 8 for a detailed discussion of surface tension
minimum and imposed temperature differences.>
During the TEXUS 5 sounding rocket mission, the TEXUS Experiment
Module TEM 06-8 was used. The apparatus and procedure were the
same as those employed during the TEXUS 8 mission (see Legros,
TEXUS 8), except for a few hardware improvements. These improve-
ments included (1) a bellows filling device (rather than a
piston) for smoother (partial) filling of the observation chamber
and (2) a differential interferometer for analysis of the fluid
temperature fields. The same (TEXUS 8) n-heptanol solution with
90-micron diameter Dow latex particles was employed as the test
fluid. The imposed wall temperatures were 32 °C (T1) and 50 °C
(T2 ).
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Reportedly, the post-flight results included:
(i) The partial filling procedure resulted in a flat liquid-gas
interface.
(2) Marangoni convection was initiated at the container wall and
a convective cell grew.
(3) The fluid flow at the fluid free surface was from the cold
side to the hot side in the hot two-thirds of the interface. The
cold side remained nearly at rest.
(4) Fewer fringes were seen in the interferograms than observed
in ground-based tests. The fringes recorded in the flight ex-
periment were not oscillating.
(5) "The opening of the interface, i.e. motions from the 40°C in-
terface region toward the two opposite lateral walls at 32°C and
50°C was not recorded, as expected from the theoretical arguments
and from numerical simulations .... " (5, p. 135)
Reportedly, the amount of reduced-gravity time that the TEXUS
rocket could produce was too short to achieve steady state condi-
tions. Thus, the surface velocities were still increasing at the
end of the low-gravity period.
Key Words: Fluid Physics, Open Cavity, Partially Filled Con-
tainers, Aqueous Solutions, Free Surface, Meniscus Shape, Surface
Tension, Surface Tension Gradients, Surface Tension Minimum, Heat
Transfer, Surface Tension-Driven Convection, Marangoni Convec-
tion, Thermocapillary Convection, Oscillatory Marangoni Convec-
tion, Cellular Convection, Thermal Gradient, Interfacial Curva-
ture, Liquid/Gas Interface, Solid/Liquid Interface, Flow
Velocity, Liquid Reservoir, Liquid Transfer, Liquid Injection,
Tracer Particles, Interferometric Measurement
Number of 8amplesz one
8ample Materialsz n-Heptanol aqueous solution (6.3 x 10 -3 molal)
with 90-micron diameter Dow latex particles
Container Materialsz stainless steel cell with Pyrex TM windows
Experiment/Material Applicationsz
See Legros, TEXUS 8.
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Referenoes/Applicable Publications:
(i) Limbourg-Fontaine, M. C., P_tr_, G., and Legros, J. C.: Texus
8 Experiment: Effects of a Surface Tension Minimum on Ther-
mocapillary Convection PCH. PhysicoChemical Hydrodynamics Vol.
6, Number 3, 1985, pp. 301-310. (post-flight)
(2) Legros, J. C., Limbourg-Fontaine, M. C., and Petre, G.: In-
fluence of Surface Tension Minimum as a Function of Temperature
on the Marangoni Convection. Acta Astronautica, Vol. ii, Number
2, 1987, pp. 143-147. (preflight; experimental setup)
(3) Legros, J. C., Petre, G., Limbourg-Fontaine, M. C., Villers,
D., and Platten, J. K.: Thermocapillary Convection Around a Sur-
face Tension Minimum: A Microgravity Experiment (TEXUS 8) and
Numerical Simulation. 5th Elgra Meeting Proceedings in Elgra
News, 6, 1984, pp. 41-49.
(4) Legros, J. C., PettY, G., and Limbourg-Fontaine, M. C.: Study
of Marangoni Convection Around a Surface Tension Minimum Under
Microgravity Conditions. Advances in Space Research, Vol. 4,
Number 5, pp. 37-41, 1984. (post-flight)
(5) Legros, J. C., Limbourg-Fontaine, M. C., and Petre, G.: Sur-
face Tension Induced Convection in Presence of a Surface Tension
Minimum. In Scientific Results of the German Spacelab Mission
DI, Norderney Symposium, Norderney, Germany, August 27-29, 1986,
pp. 131-140. (post-flight)
(6) Limbourg, M. C., Legros, J. C., and P_tr_, G.: Marangoni Con-
vection Induced in a Fluid Presenting a Surface Tension Minimum
as a Function of Temperature. In Proceedings of the 6th European
Symposium on Material Sciences under Microgravity Conditions,
Bordeaux, France, December 2-5, 1986, ESA SP-256, pp. 245-249.
(post-flight)
(7) Influence of a Surface Tension Minimum on the Marangoni Ef-
fect. In Summary Review of Sounding Rocket Experiments in Fluid
Science and Materials Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA
SP-II32, February 1991, pp. 62-63. (post-flight)
Contact(s):
Dr. J. C. Legros or G. P_tre
Universite Libre de Bruxelles (U.L.B.)
Chimie Physique
E. P. (CP) 165
50 Av. F. D. Roosevelt
B-1050 Bruxelles
Belgium
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Principal Investlgator(s)z Legros, J. C. (i)
Co-Investlgator(s): Unknown
Affillatlon(s): (1) Physical Chemistry Department, Universite
Libre de Bruxelles, Brussels, Belgium
Experiment Origin: Belgium
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Materials Science Double
Rack (MSDR)
Processing Facility: Surface Tension Minimum (STEM) cells, at-
tached to Fluid Physics Module (FPM) (same facility as the FPM
of Spacelab 1 but with improvements)
Builder of Processing Facility: Unknown
Experiment:
Surface Tension Induced Convection Around a Surface Tension Mini-
mum (WL-FPM-05)
This Spacelab D1 experiment was the third in a series of inves-
tigations designed by Legros et al. to study the effect of a sur-
face tension minimum on thermocapillary convection (see Legros,
TEXUS 8, TEXUS 9).
The earlier TEXUS 8 experiment in this investigative series sub-
jected a free surface liquid cell to a temperature difference
such that T1 and T2. were above, the temperature at which the fluid
has a surface tenslon minlmum (Tmi_). The earlier TEXUS 9 ex-
periment in this investigative serles subjected a free surface
liquid cell to a temperature difference such that T 1 was less
than T___ and To was greater than T___ During bot_ of these
earller experlments, steady state convectlve flow condltlons were
not achieved because of the short low-gravity duration of the
TEXUS flight (approximately 6 minutes).
The specific objective of this Spacelab D1 experiment was to ob-
serve the steady state convective flow of a liquid with a non-
isothermal free surface. During two experiments performed on
Spacelab D1 T 1 was to be greater than Tmi n and T2 was to be less
than Tmi n. The experiment was designed-_o answer the following
questions:
(i) What is the structure of the convective flow resulting from
the imposed temperature difference (in the absence of buoyancy)?
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(2) Will the fluid flow at the interface be from the T___ zone
• l|t_l!
towards both the hot and cold areas (an "opening" of the
interface)?
(3) Will the flow behavior (velocity amplitude and convection
pattern) agree with theoretical and numerical predictions?
(4) Will oscillatory Marangoni convection appear?
During the Spacelab D1 mission, two experiment cells attached to
the Fluid Physics Module were used for this study (see Reference
(2) for complete cell description). The cells were called STEM 1
and STEM 2. The procedure used was similar to that used during
the TEXUS missions, except that during Spacelab D1 a Payload
Specialist could interact with the experiment.
<Note: Publications released prior to the flight (see Reference
(2) and Reference (5)) reported that two aqueous solutions would
be examined: (i) n-heptanol (STEM i) and (2) n-hexanol (STEM 2).
However, all publications released after the Spacelab D1 flight
discussed only results from the n-heptanol solution. It is un-
clear if the omission of the n-hexanol results was due to (i) a
difficulty during the mission or (2) a pre-flight decision not to
use this fluid.>
Under low-gravity conditions, the STEM was attached to the FPM
and the observation volume was partially filled with n-heptanol
aqueous solution (6.04 x 10 -3 molal, Tml n approximately equal to
40 °C). (The solution contained 90.7-m"i_cron diameter Latex par-
ticles.) Heating of one side of the observation volume was then
initiated.
Post-flight examination of the video sequences indicated a
thermocapillary-induced convective cell developed 30 seconds
after heating began. The fluid moved from the cold to the hot
side of the cell. After 15 minutes of heating, a temperature
difference of 35 °C (plus or minus 1 °C) was established and
remained constant until the end of heating at 50 minutes. During
the first video sequence (3 minutes of heating), T 1 = 46 °C and
T 2 = 26 °C, one convective cell was observed. The tracer
velocity, v, at the surface was 0.5 mm/s with a v/(deltaT) =
0.025 mm/sK.
Durin_ the second video sequence (i0 minutes of heating)_ T I =
60.5 _C and T 2 = 28.2 °C, the convective cell increased in size.
The surface velocity was reported to be 1.2 mm/s and v/(deltaT)
was 0.04 mm/sK. These values are similar to those recorded
during the TEXUS 8 mission (v approximately = 0.8 mm/s and
v/(deltaT) approximately = 0.04 mm/sK) with T 1 = 66 °C and T 2 =
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46 °C.
<Note: Although it was reported that there was a third video
sequence, little data from this sequence were presented. It was
reported that only one convective cell was present and that
"...closed streamlines appeared in the hot part of the cell." (8,
p. 137) >
In the fourth video sequence (after about 45 minutes of heating),
two convective cells contained within a larger cell were ob-
served. <Note: The exact wall temperatures during this sequence
were not reported.> Both cells' convective flows travel in the
same direction: from the cold side to the hot side in the upper
part of the cell. The surface velocity was 3 mm/s and v/(deltaT)
was 0.08 mm/sK. The value of v/(deltaT) was lower than the
steady state value, achieved under l-g conditions, of 0.5 mm/sK.
Reportedly, further analysis of this data and correlation to
theoretical and numerical studies was to be published at a later
date. However, no documents providing these results could be lo-
cated at this time.
Key Words_ Fluid Physics, Open Cavity, Partially Filled Con-
tainers, Aqueous Solutions, Free Surface, Surface Tension, Sur-
face Tension Gradients, Heat Transfer, Surface Tension Minimum,
Surface Tension-Driven Convection, Marangoni Convection, Ther-
mocapillary Convection, Oscillatory Marangoni Convection, Cel-
lular Convection, Buoyancy Effects Diminished, Thermal Gradient,
Liquid/Gas Interface, Liquid Transfer, Liquid Reservoir, Tracer
Particles
Number of Samples: two
Sample Materlals: Unclear, although it appears (i) n-Heptanol
aqueous solution containing latex tracer particles; (2) n-hexanol
aqueous solution containing latex tracer particles (no results
from the n-hexanol solution could be located)
Container Materials: unknown
Experiment/Material Applications:
See Legros, TEXUS 8.
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References/Appliaable Publications=
(1) Limbourg, M. C., Legros, J. C., and Petre, G.: The Influence
of a Surface Tension Minimum on the Convective Motion of a Fluid
in Microgravity (DI Mission Results). Adv. Space Res., Vol 6,
No. 5, pp. 35-39, 1986. (post-flight)
(2) Limbourg-Fontaine, M. C., Petre, G., and Legros, J. C.: Ther-
mocapillary Movements Around a Surface Tension Minimum Under
Microgravity Conditions. (Part I. Technical Description of the
STEM Experiments. D1 Mission of Spacelab). Acta Astronautica,
13, pp. 197-208. (experiment cell description)
(3) Limbourg-Fonatine, M. C., Petre, G., and Legros, J. C.: Ther-
mocapillary Movements Under Microgravity at a Minimum of Surface
Tension. Natur wissenschaften 73.Jahrgang Heft 7, July 1986, pp.
360-362. (post-flight)
(4) Legros, J. C., Limbourg-Fontaine, M. C., and P_tre, G.: Sur-
face Tension Induced Convection Around a Surface Tension Minimum.
In BMFT/DFVLR Scientific Results of the German Spacelab Mission
DI, Abstracts of the Di-Symposium, Norderney, Germany, August 27-
29, 1986, pp. 93-94. (post-flight)
(5) Legros, J. C., Limbourg-Fontaine, M. C., and P4tre, G.: Sur-
face Tension Induced Convection Around a Surface Tension Minimum.
In Scientific Goals of the German Spacelab Mission DI, WPF, 1985,
pp. 59-60. (preflight)
(6) Legros, J. C., Limbourg, M. C., Schwabe, D., and Lichtenbelt,
J., and Frimout, D.: Some Results from Parabolic Flights. Adv
Space Res. Vol. 6, No. 5, 1986 pp. 93-95. (related KC-135
studies)
(7) Limbourg, M. C., Legros, J. C., and Petre, G.: Marangoni Con-
vection Induced in a Fluid Presenting a Surface Tension Minimum
as a Function of the Temperature. In Proceedings of the 6th
European Symposium on Material Sciences Under Microgravity Condi-
tions, Brodeaux, France, December 2-5, 1986, ESA SP-256, pp. 245-
249. (post-flight)
(8) Legros, J. C., Limbourg-Fontaine, M. C., and Petr_, G.: Sur-
face Tension Induced Convection in Presence of a Surface Tension
Minimum. In Proceedings of the Norderney Symposium on Scientific
Results of the Germany Spacelab Mission DI. Norderney, Germany,
August 27-29, 1986, pp. 131-140. (post-flight)
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(9) Gonfalone, A.: The Fluid Physics Module- A Technical Descrip-
tion. In ESA 5th European Symposium on Material Sciences Under
Microgravity. Results of Spacelab i, Schloss Elmau, November 5-
7, 1984, ESA SP-222, pp. 3-7. (status post Spacelab i, prior to
DI)
contact(s):
Dr. J. C. Legros or G. Petre
Universite Libre de Bruxelles (U.L.B.)
Chimie Physique
E. P. (CP) 165
50 Av. F. D. Roosevelt
B-1050 Bruxelles
Belgium
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Principal Investigator(s): Legros, J. C. (i)
Co-Investigator(s): Limbourg, M. C. (2), Petre, G. (3)
Affiliation(s): (1,2,3) Physical Chemistry Department, Universite
Libre de Bruxelles, Brussels, Belgium
Experiment Origin: Belgium
Mission: TEXUS 13
Launch Date/Expt. Date: April 1986
Launched From: ESRANGE, Kiruna Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-8: experiment
cell equipped with fluid injection mechanism and electric
heaters. The module was also equipped with a differential inter-
ferometer. (Same apparatus as used for TEXUS 9.)
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Effects of Surface Tension Minimum on Thermal Maranqoni Convec-
tion in a Floatinq Zone
This TEXUS 13 experiment was the fourth in a series of investiga-
tions designed by Legros et al. to study the effect of a surface
tension minimum on thermocapillary convection (see Legros, TEXUS
8, TEXUS 9, Spacelab DI).
The specific TEXUS 13 experiment goals and equipment setup were
not detailed in the available publications. Reportedly, the ex-
periment was performed in the TEM 06-8 TEXUS experiment module.
<Note: The TEM 06-8 module had been successfully employed for the
TEXUS 9 experiment (see Legros, TEXUS 9 for the module
description). However, it is unclear how this module produced a
float zone system, (as the TEXUS 13 experiment title indicates)
rather than a partially filled experimental cell (as the module
did during TEXUS 9). (The Legros TEXUS 8 and Spacelab D1 experi-
ments used a similar module which also created a partially filled
cell.) It is unclear if the investigators actually produced a
float zone (or liquid bridge) during the TEXUS 13 experiment or
instead, used a partially filled cell and attempted to apply the
results to a float zone system.>
The experiment procedures of previous investigations in this
series are outlined under Legros, TEXUS 8, TEXUS 9, or Spacelab
DI. Presumably, during the TEXUS 13 rocket flight, (i) either
(a) an experiment cell was to be partially filled or (b) a float
zone was to be created; (2) a temperature difference was to be
placed across the cell or zone; and (3) the resulting convective
patterns were to be observed.
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Reportedly, "No results could be gained due to a technical...
[failure]. The slider did stick and no fluid was introduced in
the cell." (i, p. 43)
No further information concerning this experiment could be lo-
cated.
Key Words: Fluid Physics, Float Zones, Liquid Bridges, Aqueous
Solutions, Free Surface, Surface Tension, Surface Tension Mini-
mum, Heat Transfer, Surface Tension-Driven Convection, Marangoni
Convection, Thermocapillary Convection, Thermal Gradient,
Liquid/Gas Interface, Liquid Transfer, Liquid Reservoir, Liquid
Injection, Containerless Processing Applications, Interferometric
Measurement, Hardware Malfunction, Sample Not Processed as
Planned
Number of Samples: unknown, probably on
Sample Materials: N-Heptanol 6.3 x i0 -_ molal aqueous solution.
This substance presents a minimum of surface tension as a func-
tion of temperature at 40 °C. (Reference (i), p. 42)
Container Materials: unknown
Experiment/Material Applications:
See Legros, TEXUS 8.
References/Applicable Publications:
(i) Limbourg, M. C., P_tr_, G., and Legros, J. C.: Thermocapil-
lary Motions on a Surface Tension Minimum. In BMFT/DFVLR TEXUS
13-16 Abschlussbericht, 1988, pp. 42-43. (post-flight)
(2) Legros, J. C., Sanfeld, A., and Velarde, M. G.: Fluid
Dynamics. In Fluid Sciences and Materials Science in Space.
Edited by H. U. Walter, Springer Verlag, 1987, pp. 83-137.
(related topics)
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Contact (s) :
Dr. J. C. Legros or G. P_tr_
Universite Libre de Bruxelles (U. L. B. )
Chimie Physique
E. P. (CP) 165
50 Av. F. D. Roosevelt
B-1050 Bruxelles
Belgium
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Principal Investlgator(s): Legros, J. C. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) Physical Chemistry Department,
Libre de Bruxelles, Brussels, Belgium
Universit_
Experiment Origin: Belgium
Mission: TEXUS 15
Launch Date/Expt. Date: May 1987
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-8
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Surface Tension Minimum
This TEXUS 15 experiment was the fifth in a series of investiga-
tions designed by Legros et al. to study the effect of a surface
tension minimum on thermocapillary convection (see Legros, TEXUS
8, TEXUS 9, Spacelab DI, TEXUS 13).
The specific TEXUS 15 experiment goals and equipment setup were
not detailed in the available publications.
Reportedly, shortly after the successful launch of the rocket,
data and television transmitters experienced a partial failure.
It was discovered that a lateral burnthrough of the second stage
of the rocket had occurred, and the stage, in turn, had collided
with the prematurely separated payload. An unbraked impact of
the lower part of the payload resulted in the destruction of the
TEM 06-8 Experiment Module.
Documentation further detailing any in-flight results of this ex-
periment does not appear to be available.
Key Words: Fluid Physics, Free Surface, Surface Tension, Surface
Tension Minimum, Surface Tension-Driven Convection, Marangoni
Convection, Acceleration Effects, Rocket Motion, Payload Sur-
vivability, Rocket Failure
Number of Samples: unknown, possibly one
Sample Materials: unknown
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Container Materlalsz unknown
Experlment/Materlal Applications:
See Legros, TEXUS 8.
References/Applicable Publications:
(i) Experimentelle Nutzlast und Experimente TEXUS 15. In
BMFT/DFVLR TEXUS 13-16 Abschlussbericht, 1988, pp. 107-108. (in
German; post-flight)
Contact(s) z
Dr. J. C. Legros or G. Petre
Universite Libre de Bruxelles (U.L.B.)
Chimie Physique
E. P. (CP) 165
50 Av. F. D. Roosevelt
B-1050 Bruxelles
Belgium
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Principal Investigator(s): Legros, J. C. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) Physical Chemistry Department,
Libre de Bruxelles, Brussels, Belgium
Universite
Experiment Origin: Belgium
Mission: TEXUS 16
Launch Date/Expt. Date: November 1987
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-8
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Influence of a Surface Tension Minimum on the Maranqoni Effect
This TEXUS 16 experiment was the sixth in a series of investiga-
tions designed by Legros et al. to study the effect of a surface
tension minimum on thermocapillary convection (see Legros, TEXUS
8, TEXUS 9, Spacelab DI, TEXUS 13, TEXUS 15).
The specific TEXUS 16 experiment goals and equipment setup were
not detailed in the available publications.
Reportedly, shortly after the successful launch of TEXUS 16, fuel
in the second stage of the rocket did not ignite as planned.
After the apogee was reached and the rocket began to fall, the
yo-yo despin system was deployed as programmed. Due to the unex-
pected excess rocket mass, however, there was an incomplete
reduction of rocket spin. Subsequently, the payload separated
from the second stage, but the parachute was not released. An
unbraked impact of the payload resulted in the destruction of all
experiment modules including TEM 06-8.
Documentation further detailing any in-flight results of this ex-
periment does not appear to be available.
Key Words: Fluid Physics, Free Surface, Surface Tension, Surface
Tension Minimum, Surface Tension-Driven Convection, Marangoni
Convection, Rocket Motion, Acceleration Effects, Payload Sur-
vivability, Rocket Failure, Payload Recovery System Failure
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NUmber of Samples: unknown, possibly one
Sample Materials: unknown
Container Materials: unknown
Experlment/Material &pplicatlons:
See Legros, TEXUS 8.
References/Applicable Publications:
(i) Die Kampagne TEXUS 16. In BMFT/DFVLR TEXUS 13-16
Abschlussbericht, 1988, pp. 109-111. (in German; post-flight)
(2) Legros, J. C., Sanfeld, A., and Verlarde, M. G.: Fluid
Dynamics. In Fluid Sciences and Materials Science in Space,
Edited by H. U. Walter, Springer Verlag, 1987, pp. 83-137.
(related topics)
Contact(s):
Dr. J. C. Legros or G. Petre
Universit_ Libre de Bruxelles (U.L.B.)
Chimie Physique
E. P. (CP) 165
50 AV. F. D. Roosevelt
B-1050 Bruxelles
Belgium
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Prinoipal Investigator(s): Perez, R. (1), other students (2)
Co-Investlgator(s): Snow, J. T. (3)
Affiliatlon(s): (1,2) During STS-007: Purdue University, West
Lafayette, Indiana, Currently: Unknown; (3) Purdue University,
West Lafayette, Indiana
Experiment Origin= USA
Mission: STS Launch #7, STS-007 (STS 31-C, Challenger)
Launch Date/Expt. Date: June 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type= College Student Experiment
NASA Get Away Special (GAS) Canister G-009
Volume of Canister: 2.5 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-009: Purdue University, West
Lafayette, Indiana
Processing Facility: (a) An experiment cell containing a mercury
drop suspended within a host fluid, and (b) a 16 mm motion pic-
ture camera.
Builder of Processing Facility: Unknown, possibly, Purdue Univer-
sity, West Lafayette, Indiana
Experiment:
Motion of Mercury Under Low-G
This experiment was one of three investigations housed within the
G-009 Get Away Special (GAS) canister on STS-007. Neither of the
other two experiments (in the canister) were applicable to this
data base. The objective of the experiment was to observe the
behavior of a mercury drop immersed in mediflor (a clear,
perfluorinated hydrocarbon host liquid). It was anticipated that
the following would be observed: (i) drop acceleration, (2) drop
breakup into particles, (3) eventual particle coalescence, (4)
drop oscillation, and (5) drop oscillation damping.
Prior to the shuttle launch, a 0.55 cc drop of mercury was added
to a small experiment cell filled with i0 cc of mediflor. The
cell, constructed primarily of stainless steel but configured
with a transparent endplate, was mounted at the focal point of an
optical assembly. Light emitting diodes embedded in the endplate
illuminated the cell, allowing the visualization of the drop mo-
tion through the transparent plate. A modified World War II
aircraft wing camera, configured with 15 m of 16 mm motion pic-
ture film was available to document the drop dynamics for 2
minutes (24 frames/sec).
A document published prior to the flight indicated that "The ex-
periment, once activated by the crew is controlled by an ac-
celerometer and microprocessor. The accelerometer senses [the]
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Orbiter motion, such as a roll maneuver, sends the data to the
microprocessor, which in turn generates a signal to turn the
camera on for a brief period." (I, p. 2-6)
<Note: It should be mentioned that because the information above
was taken from a document published prior to the launch of STS-
007, and because no document published after the return of STS-
007 detailed the accelerometer contribution, it is not certain if
an accelerometer/microprocessor system was actually employed
during the mission.>
During the mission, the experiment was to be initiated about 5
minutes before the Shuttle performed an orbital maneuver. It was
expected that (i) the accelerations generated during the maneuver
would cause the mercury to move about the container, (2) the drop
would break up, but quickly rejoin to form a single oscillating
mass (as indicated during preflight testing), and (3) these os-
cillations would gradually damp out because of viscous effects.
Reference (4) states that the post-flight evaluation of the
payload indicated that the camera failed to operate. "Inspection
did not reveal any mechanical problems with the camera mechanism
itself, but it is suspected that the film magazine (a sealed unit
containing several moving parts) jammed because of vibration
during lift-off .... " (4, p. 446) However, Reference (6), which
was published almost 3 years later, very briefly indicated that
the experiment failure, which did occur, was related to "a short
in the power system." <Note: Further details of the "power
system" were not provided in the Reference.>
<Note: Reference (3) (also published early) detailed the overall
canister difficulties. Reportedly, another experiment in the
canister (a seed germination experiment) failed when an electric
short occurred "...when the payload structure was accidentally
placed over a wire from the battery pack." (3, p. 13) Reference
(3) further detailed that the failure of the fluid dynamics ex-
periment was independent of the seed germination experiment be-
cause the fluids experiment employed "a different battery set,"
and "Although there is no concrete evidence, a possible source of
problems is the film cartridge used by the camera." (3, p. 14)>
"It was also discovered that the mediflor solution in the fluid
cell had been lost. The O-ring seal on the cell's transparent
cover appeared to be in good _ndition, though there was some
distortion of the... [Plexiglas _**] cover itself. Some particles
of mercury were found embedded under the O-ring (though no
evidence was found of mercury leakage past the O-ring). It was
conjectured that, again, the high levels of vibration and acous-
tic noise at the lift-off were responsible for the distortion of
the cover and leakage of the volatile mediflor." (4, p. 446)
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Key Words: Fluid Physics, Drops, Contained Fluids, Liquid/Liquid
Interface, Surface Tension, Hydrodynamics, Liquid Dynamic
Response, Acceleration Effects, Drop Dynamics, Drop Oscillation,
Drop Coalescence, Viscosity, Fluid Motion Damping, Optics As-
sembly, Rocket Vibration, Liquid Leakage, Photographic Dif-
ficulties, Hardware Malfunction
Number of Samples: one
Sample Materials: A drop of Mercury (0.55 cc) was immersed in i0
cc of a clear, perfluorinated hydrocarbon host liquid called
mediflor.
(Hg*)
Container Materia_: Primarily stainless steel; transparent
endplate: Plexiglas _'.
Experiment/Material Applications:
The experiment was designed to position a drop of mercury such
that a detailed study of the resulting drop dynamics could be
performed. Other experiments within the data base have relied on
more complex experiment configurations (to produce acoustic
fields) to position such drops for observation (see, for example,
Wang, SPAR 4 (this chapter)).
References/Applicable Publications:
(i) Cargo Systems Manual: Gas Annex for STS-7. JSC-17645 Annex
STS-7, April i, 1983. (short description; preflight)
(2) STS-7 Getaway Specials, NASA News, NASA GSFC, May 1983.
(preflight)
(3) Perez, R. : Results of the Purdue University GAS-I Payload.
In Goddard Space Flight Center's 1984 Get Away Special
Experimenter's Symposium, August 1-2, 1984, pp. 9-15, NASA CP-
2324. (post-flight; no detailed results of this experiment
discussed)
(4) Snow, J. T., Crabill, W. H., Kark, D. J., Levin, R., McGin-
nis, M. E., Perez, R., Stark, J. A., Stwalley, R. M., and Weber,
D. A.: A Shuttle Payload Project: PUGAS-I The First Purdue
University Small Self Contained Payload Project. Space Educa-
tion, Vol. i, October 1985, pp. 442-447. (post-flight)
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(5) Stark, J. A.: Thermal Control System of the Purdue University
Space Shuttle Payload, AIAA Journal of Spacecraft and Rockets,
May-June 1985.
(6) Olenski, C., Crocker, A. R., Stubbings, B., McCormick, L.,
and Andersen, P. K.: The Purdue University Get Away Special II.
In NASA Goddard Space Flight Center 1988 Get Away Special
Experimenter's Symposium, September 27-30, 1988, pp. 109-111.
(post-flight G-009; preflight of Purdue's second GAS Canister)
(7) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report # EAC-TR-
RWR 87-11, October 2, 1987. (Get Away Special canister mission
history)
(8) NASA STS-6 Press Kit, June 1983. (preflight)
contaot(s):
Dr. John P. Snow
Department of Earth and
Atmospheric Sciences
Purdue University
West Lafayette, IN
47907
Dr. Paul Anderson
Department of Freshman Engineering
Bldg. ENAD 207
Purdue University
West Lafayette, IN 47907
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Principal Investlgator(s}: Napolitano, L. G. (i), Monti, R. (2)
Co-Investlgator(s): Russo, G. (3)
Affiliatlon(s}: (1) During Spacelab 1: Institute of Aerodynamics
"Umberto Nobile," University of Naples, Italy, Currently:
Deceased; (2) Institute of Aerodynamics "Umberto Nobile," Univer-
sity of Naples, Italy; (3) During Spacelab 1: Institute of
Aerodynamics "Umberto Nobile," University of Naples, Italy,
Currently: Centro Italiano Ricerca Aerospaziale (CIRA), Capua,
Italy
Experiment Origin: Italy
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab 1: Columbia)
Launch Date/Expt. Date: November 1983
Launched From_ NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Spacelab Rack, Material
Sciences Double Rack (MSDR)
Processing Facility: Fluid Physics Module (FPM)
Builder of Pro=essing Facility: Centro Ricerche FIAT, Torino,
Italy
Experiment:
Free Convection in Low Gravity IES328
On Earth, thorough study of gravity-independent Marangoni convec-
tion is not possible because gravity-dependent forces mask the
importance of the Marangoni flow. In a reduced gravity environ-
ment, the Marangoni flow may be highly significant in all experi-
ments in which fluid-fluid interfaces of non-uniform properties
exist.
This Spacelab 1 experiment was the first in a series of low-
gravity investigations designed by Napolitano and/or Monti et al.
to study thermal Marangoni convection in a liquid bridge. The
bridge configuration was used to model a float zone fluid system.
The first objective of the Spacelab 1 experiment was to verify
theoretical calculations which indicated that (i) stable liquid
bridges of i0 cm height could be established and (2) Marangoni
flow created in the zone would be a of boundary layer type. The
second objective of the experiment was to investigate these
Marangoni flows under a number of parameters (e.g., stimuli) to
determine the local and global properties of the system.
(Reportedly, local properties included velocity fields, global
properties included overall transport coefficients.)
The experiment was performed in the Spacelab Fluid Physics Module
(FPM). Each liquid bridge was created between two coaxial
aluminum disks, and then one of the disks was heated. The disks
could be (i) rotated, (2) vibrated axially, or (3) positioned ac-
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cording to desired axial distance. In addition, an electric
potential difference could be applied to the liquid bridge.
During the mission, several silicone oil bridges (of either i00
cS or 5 cS) were to be created. Reportedly, "...the tracers con-
tained in the more viscous oil did not appear in the liquid
column. As a consequence: the i00 cS silicone oil could not be
used and all runs had to be made with the less viscous 5 cS
oil .... " (3, p. 77)
All of the experiment runs (four total) were filmed and a
video/voice downlink allowed interaction between the scientist on
the ground and the shuttle payload specialist. <Note: Reference
(3) contains planned and actual experimental details.>
Several deviations from the nominal performance of the experiment
were encountered. "The not ideal quality of the [16 mm] film ex-
posed and a number of problems... [which arose] during the mis-
sion made it impossible to reach all the objectives of the ex-
periment and in particular those related to quantitative measure-
ment of the velocity field." (i, p. 25) Some of these reported
difficulties are listed below:
(i) "...the 'antispreading barrier' coated on the lateral surface
of the disks to prevent the silicone oil from spreading over the
edges of the supporting disks did not work properly." (3, p. 77)
(2) "...the FPM had.., to be operated outside the MSDR [Material
Science Double Rack] in order to provide complete accessibility
to all parts of the module .... " (3, p. 78)
(3)"...the entrainment of bubbles in the reservoirs and hence in
the liquid bridges.., although obviously altering the flow field,
was nonetheless not entirely negative since we hope to be able to
gain some insights on the Marangoni migration of bubbles in a
Marangoni flow." (3, p. 78)
Post-flight analysis of the available temperature and
photographic data illustrated that liquid bridges of 7 to 8 cm in
length with aspect ratios on the order of one were established.
The application of an electric potential, had no effect on the
flows.
Most importantly, it was reported that the established Marangoni
flows were of the boundary layer type. This type of flow was
predicted by theoretical calculations (see Reference (I) and/or
Reference (3) for theoretical details). The thickness of this
boundary layer was estimated from the films. The conditional
Peclet number and the Marangoni velocity were determined by
evaluation of various parameters. These parameters included
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"...the velocity at a discrete number of points near the inter-
face and in the recirculating core and.., the measured tempera-
ture difference between the two disks .... " (3, p. 81) It was
reported thatstypical values of (i) the conditional Peclet number
were 3 x i0 , (2) maximum velocities were 1 cm/s, and (3)
velocities at the core were 0.i cm/s. These data were in perfect
agreement with an accompanying order of magnitude analysis
(Reference (i) and Reference (3)). <Note: Reference (i) also in-
cludes thermal analysis of the experiment including determination
of the Nusselt number expression.>
Key Words= Fluid Physics, Liquid Bridges, Transparent Liquids,
Free Surface, Surface Tension, Surface Tension-Driven Convection,
Marangoni Convection, Thermocapillary Convection, Liquid/Gas In-
terface, Boundary Layer, Heat and Mass Transfer, Flow Velocity,
Liquid Bridge Stability, Hydrodynamics, Liquid Dynamic Response,
Aspect Ratio, Rotating Fluids, Liquid Expulsion Through a Small
Orifice, Liquid Transfer, Bubbles, Bubble Formation, Marangoni
Movement (Migration) of Bubbles, Bubble Migration, Thermal
Gradient, Electric Field, Liquid Spreading, Wetting Kinetics,
Viscosity, Tracer Particles, Coated Surfaces, Containerless
Processing Applications
Number of Samples: Four runs were completed.
Sample Materials: (i) i00 cS silicone oil (not used due to in-
ability to see tracers) and (2) 5 cS silicone oil
Tracer Material: Echosphere (glass); outer diameter = 50-75
microns
container Materials: Not applicable; disk material: aluminum
(AI*)
Experiment/Material Applications:
See Martinez, TEXUS i0 or Napolitano, Spacelab DI.
References/Applicable Publications:
(i) Napolitano, L. G.: Recent Development of Marangoni Flows
Theory and Experimental Results. Advances in Space Research,
Vol. 6, Number 5, 1986, pp. 19-34. (post-flight; discusses
theoretical background, Spacelab 1 experiment results, and
Spacelab D1 experiment results)
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(2) Napolitano, L. G., Monti, R., and Russo, G.: Some Results Of
the Marangoni Free Convection Experiment. In ESA 5th European
Symposium on Materials Sciences Under Microgravity, Results Of
Spacelab i, Schloss Elmau, November 5-7, 1984, ESA SP-222, pp.
15-22. (post-flight)
(3) Napolitano, L. G., Monti, R., and Russo, G.: Marangoni Con-
vection in Low Gravity--Experiment IES 328. Earth Oriented Ap-
plications Of Space Technology, Vol. 5, No. 1-2, 1985, pp. 69-82.
(post-flight)
(4) Chassay, R. P. and Schwaniger, A.: Low-g Measurements by
NASA. In Workshop Proceedings of Measurement and Characterization
of the Acceleration Environment On Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements on Spacelab I)
(5) Monti, R., Napolitano, L. G., and Russo, G.: Experimental
Study of Thermal Marangoni Flows in Silicon Oil Floating Zones.
In Proceedings of 34th International Astronautical Federation,
International Astronautical Congress, Budapest, Hungary, October
10-15, 1983, IAF Paper #83-161. (preflight)
(6) Da Riva, I. and Napolitano, L. G.: Fluid Physics Under
Reduced Gravity - An Overview. In Proceedings of the 4th
European Symposium on Materials Sciences Under Microgravity,
Madrid, Spain, April 5-8, 1983, pp. 5-12. (preflight)
(7) Lioy, S., Defilippi, V., and Monti, R.: Microgravity Fluid
Science Facilities Operation. In 38th IAF International
Astronautical Congress, Brighton, England, October 10-17, 1987,
IAF Paper #87-411. (discusses experiment hardware)
(8) Napolitano, L. G., Monti, R., and Russo, G.: Marangoni Con-
vection in One- and Two-Liquid Floating Zones. In Naturwis-
senschaften 73, pp. 352-355. (post-flight; briefly mentions
Spacelab 1 experiment)
(9) Input received from R. Fortezza, August 1993.
Contact(s):
Dr. Rodolfo Monti
Istituto di Aerodinamica Umberto Nobile
Universita di Napoli
Piazzale V. Tecchio 80
80125 Napoli
Italy
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Dr. Raimondo Fortezza
Microgravity Advanced Research and Support (MARS) Center
Via Diocleziano, 328
80125 Napoli
Italy
Gennaro Russo
Centro Italiano Ricerca Aerospaziale (CIRA)
Via Maiorise
81043 Capua
Italy
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Principal Investigator(s): Napolitano, L. G. (1)
Co-Investigator(s): Monti, R. (2)
Affiliation(s): (1) During Spacelab DI: Institute of Aerodynamics
"Umberto Nobile," University of Naples, Italy, Currently:
Deceased; (2) Institute of Aerodynamics "Umberto Nobile," Univer-
sity of Naples, Italy
Experiment Origin: Italy
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Materials Science Double
Rack (MSDR)
Processing Facility: Fluid Physics Module (FPM) (The FPM was
the same facility as had been used on Spacelab 1 but was improved
for Spacelab D1.)
Builder of Processing Facility: Centro Ricerche FIAT, Torino,
Italy
Experiment:
Maranqoni Flows-A study of surface-driven convection phenomena in
very low qravity (WL-FPM-07)
This Spacelab D1 experiment was the third in a series of low-
gravity investigations designed by Napolitano and/or Monti et al.
to study thermal Marangoni convection in a liquid bridge (see
Napolitano, Spacelab 1 and Monti, TEXUS 9 (both in this
chapter)). The liquid bridge configuration was used to model a
float zone fluid system.
The specific objectives of this investigation were to (i) quan-
titatively examine thermal Marangoni flows in a single-liquid
system, (2) examine the thermal and/or solutal Marangoni flows in
a two-liquid system, and (3) analyze the effects of certain
parameters (e.g., geometry of supporting disks, imposed tempera-
ture differences) on (i) and (2).
The experiment was performed in the Spacelab Fluid Physics Module
(FPM). Two experimental runs were performed. (Reportedly, there
were difficulties with the voice/video downlink systems and the
camera used to film the process during both experiments. "...it
must be noted that the 16-mm film, exposed during [the first ex-
perimental run], was completely destroyed because of the failure
of the Vinten camera mounted on the FPM .... " (i, p. 354) The
first run was analyzed utilizing a video tape of the experiment
recorded at the German control center during the mission.)
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During the first run, a silicone oil liquid bridge was created
between two disks. One of the disks was heated to 60 °C and then
isorotated. The disk was then heated to 75 °C. Reportedly,
"Because of the presence of an overheating condition, the heater
of the FD [Feeding Disk] was automatically turned off, bringing
rapidly the temperature of the disk down to about 45 °C." (I, p.
353)
Post-flight analysis of the first experimental run indicated that
a 6 cm long, cylindrically shaped float zone was created. The
first heating of the disk produced non-oscillatory Marangoni
flows. _sorotation of the disks (i0 rpm, Peclet Number Peomea a =
2.7 x i0 _) demonstrated that the rotational effects were o_=£he
same order as the thermal Marangoni effects. It was reported by
the Payload Specialist that "...after the breakage [of the fluid
bridge] under non-isothermal conditions, the bridge was...
reformed [with difficulty], demonstrating the influence of the
Marangoni effect on the coalescence .... " (I, p. 353) Assuming
the physical properties of silicone oil did not change with tem-
perature, analysis of the thermal and photographic data indicated
that: (I) the Marangoni velocity equ_aled 40 cm/s, (2) the condi-
tional Peclet number equaled _ x I0 _, and (3) the dimensionless
reference velocity equaled i0 -z. Although the conditional Peclet
number was higher than the critical value, no oscillatory flow
was observed.
A preliminary analysis of the velocity profiles from the flight
experiment indicated a certain agreement with numerical values
(based on an integration of the Navier-Stokes equations with a
finite difference scheme). Reference (2) contains a graph
depicting the dimensionless axial velocity versus the fixed dis-
tance from the disk and symmetry axis.
During the second run, a liquid bridge was formed by bringing one
drop of 5 cS silicone oil on the cold concave disk and one drop
of d-octyl phthalate on a 60 °C heated disk in contact. However,
"A number of problems arose during the injection phases
[injection of the fluid drops on the disks] due to the malfunc-
tion of one of the motors of the Fluid Physics Module .... " (i, p.
354) Therefore, only qualitative data were available from the
second experimental run. It was reported that once the drops of
the two liquids contacted, a liquid bridge was formed im-
mediately. Upon heating, the Payload Specialist reported "...one
liquid going into the center of the liquid column, just like a
bubble." (i, p. 354)
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Key Words: Fluid Physics, Liquid Bridges, Liquid Bridge
Stability, Liquid Column Rupture, Transparent Liquids, Free Sur-
face, Surface Tension, Surface Tension-Driven Convection, Maran-
goni Convection, Thermocapillary Convection, Critical Marangoni
Number, Thermosolutal Convection, Thermal Gradient, Liquid/Gas
Interface, Sample Rotation, Rotating Fluids, Flow Velocity,
Drops, Drop Coalescence, Droplet Collision, Liquid/Liquid Inter-
face, Solutal Gradients, Coated Surfaces, Tracer Particles, Liq-
uid Expulsion Through a Small Orifice, Liquid Transfer, Liquid
Injection, Containerless Processing Applications, Photographic
Difficulties, Hardware Malfunction
Number of Samples: Two floating zones were created.
Sample Materials: (i) first zone: silicone oil (5 cS), (2) second
zone: silicone oil and d-octyl phthalate
tracer material: Echosphere (glass); outer diameter = 50-75
microns
Container Materials: Not applicable; disk material: aluminum;
anti-spreading coating: 3M FC-721 _'"
(AI*)
Experiment/Material Applications:
The liquid bridge configuration models the liquid behavior of a
crystal melt during float zone processing.
References/Applicable Publications:
(i) Napolitano, L. G., Monti, R., and Russo, G.: Marangoni Con-
vection in One and Two- Liquid Floating Zones. Natur wis-
senschaften, 73, Jahrgang, Heft 7, July 1986, pp. 352-355. (post-
flight)
(2) Napolitano, L. G.: Recent Development of Marangoni Flows
Theory and Experimental Results. In Advances in Space Research,
Volume 6, Number 5, pp. 19-34, 1986. (post-flight)
(3) Napolitano, L. G., Monti, R., and Russo, G.: The Experiment
WL-FPM-07 on Marangoni Flows. In BMFT/DFVLR Scientific Results
of the German Spacelab Mission DI, Abstracts of the Dl-Symposium,
Norderney, Germany, August 27-29, 1986, pp. 33-34. (post-flight)
(4) Napolitano, L. G., Monti, R., and Russo, G.: Marangoni Flows.
In Scientific Goals of the German Spacelab Mission DI, WPF, 1985,
pp. 56-57. (preflight)
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(5) Monti, R.: On the Onset of the Oscillatory Regimes in Maran-
goni Flows. In Acta Astronautica, Vol. 15, Number 8, 1987, pp.
557-560. (post-flight; discusses conclusions from TEXUS,
Spacelab i, and Spacelab D1 experiments)
(6) Napolitano, L. G. and Monti, R.: Surface Driven Flows: Recent
Theoretical and Experimental Results. In Proceedings of the 6th
European Symposium on Material Sciences Under Microgravity Condi-
tions, Bordeaux, France, December 2-5, 1986, ESA SP-256, pp. 551-
555. (post-flight; not mission specific)
(7) Monti, R., Napolitano, L. G., and Russo, G.: Experimental
Study of Thermal Marangoni Flows in Silicon Oil Floating Zones.
In 34th IAF International Congress, Budapest, Hungary, October
10-15, 1983, IAF Paper #83-161. (preflight)
(8) Langbein, D.: Fluid Physics. In Scientific Results of the
German Spacelab Mission DI, Norderney Symposium, Norderney, Ger-
many, August 17-29, 1986, pp. 93-104.
(9) Input received from R. Fortezza, August 1993.
Contact(s):
Dr. Rodolfo Monti
Istituto di Aerodinamica Umberto Nobile
Universit_ di Napoli
Piazzale V. Tecchio 80
80125 Napoli
Italy
Dr. Raimondo Fortezza
Microgravity Advanced Research and Support (MARS) Center
Via Diocleziano, 328
80125 Napoli
Italy
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Principal Investigator(s): Rodot, H. (1)
Co-Investigator(s}: Bisch, C. (2)
Affiliation(s) : (1,2) During Spacelab 1: CNRS Laboratoire
d'aerothermique, Meudon, France, Currently: Unclear
<Note: The Principal Investigator listed a new address in
Garches, France. However, the name of the present
company/university that employs the Investigator was not indi-
cated.>
Experiment Origin: France
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab i: Columbia)
Launch Date/Expt Date: November 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility
Processing Facility: Fluid Physics Module (FPM)
Builder of Processing Facility: Fiat, Torino, Italy
Experiment:
Oscillation of Semi-Free Liquid in Space (IES326)
The objective of this Spacelab 1 experiment was to study the os-
cillation damping of a liquid sphere in a reduced gravity en-
vironment.
During the mission, it appears several silicone oil spheres were
injected (one at a time) onto a circular surface of a plate
capable of axial vibrations. The Principal Investigator reported
that the diameter of these spheres ranged from "2,7 cm to 2 cm
for larger spheres and from 2 cm to 1,7 cm for little spheres."
(Reference (4)) Oscillations of the liquid were developed and
then progressively amortized. A camera documented the movements
and the shape of the liquid was recorded as a function of time.
The oscillation amplitudes and frequencies were thus obtained as
a function of the initial diameter of the liquid sphere and other
geometrical parameters. Reportedly, two mathematical models, one
by Bisch, Lasek, and Rodot and the other by Strani and Sabetta
were compared to the experimental results.
<Note: Reference (2) (below) was not translated prior to prepar-
ing this summary. However, the Principal Investigator reported
that the reference contains information on (i) employed plate
material, (2) the frequencies of the plate axial vibrations, (3)
the time duration of the experiment, (4) the resultant oscilla-
tion amplitudes and frequencies of the sphere, (5) the nature of
the mentioned mathematical models, and (6) the experiment conclu-
sions.>
No other information concerning this experiment (published in
English) could be located at this time.
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Key Words: Fluid Physics, Drops, Transparent Liquids, Liquid
Dynamic Response, Free Surface, Surface Tension, Meniscus Shape,
Sphericity, Meniscus Vibration, Liquid Vibration, Drop Vibration,
Drop Oscillation, Oscillation Amplitude, Oscillation Frequency,
Resonant Frequency, Liquid Expulsion Through a Small Orifice,
Droplet Creation Via a Syringe, Drop Formation, Solid/Liquid In-
terface, Liquid/Gas Interface, Containerless Processing Applica-
tions
Number of Samples: Unspecified by Principal Investigator.
Sample Materials: Silicone oil (5 cS)
Container Materials: Not directly applicable; plate material and
any applied plate coatings: unclear
Experiment/Material Applications:
This experiment was performed to investigate the optimum condi-
tions for the levitation of materials during crystal growth.
Reportedly, optimal geometrical parameters and vibration
frequencies to be avoided were among the conditions investigated.
References/Applicable Publications:
(i) Langbein, D.: Liquids and Interfaces. In ESA 5th European
Symposium On Material Sciences Under Microgravity, Results Of
Spacelab I, Schloss Elmau, November 5-7, 1984, ESA SP-222, pp.
443-446. (post-flight)
(2) Rodot, H. and Bisch, C.: Oscillations of Semi-Free Liquids in
Microgravity Spacelab Experiment ES 326. In ESA 5th European
Symposium on Material Sciences Under Microgravity, Results Of
Spacelab i, Schloss Elmau, November 5-7, 1984, ESA SP-222, pp.
23-29. (in French; post-flight)
(3) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements)
(4) Input received from Experiment Investigator, October 1989 and
August 1993.
(5) Rodot, H., Bisch, C., Lasek, A.: Acta Astronautica, 6 (1979),
p. 1083.
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(6) Rodot, H. and Bisch, C.: Oscillations de Spheres Liquides
Semi-Libres en Microgravite- Systeme de positionnement et d'
Amortissement. Document sent by H. Rodot to J. Jones (Wyle),
August 1993. (in French)
Contact(s):
MME. H. Rodot
8 Impasse de la Source
92380 Garches
France
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Principal Investigator(s) z Vreeburg, J.P.B. (1)
Co-Investlgator(s) s Unknown
Affiliatlon(s)s (1) National Aerospace Laboratory NLR,
dam, The Nederlands
Amster-
Experiment Origins The Netherlands
Missions STS Launch #9, STS-009 (STS 41-A Spacelab 1: Columbia)
Launch Date/Expt Dates November 1983
Launched Froms NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Materials Science Double
Rack (MSDR)
Processing Facillty: Fluid Physics Module (FPM)
Builder of Processing Facility: Unknown
Experiment:
Liquid Motions in Partially Filled Containers (IES330)
This Spacelab 1 experiment was the first in a series of inves-
tigations designed by Vreeburg to study the motion of contained
liquids under low-gravity conditions. The specific objectives of
the experiment were to (1) study the behavior of a liquid
enclosed in a container during spin-up and spin-down of the con-
tainer, (2) study the response of the contained liquid to forced
oscillations (while the container is in a stationary and rotating
state), and (3) determine the limitations of a computational
model to predict fluid behavior. Reportedly, "Of special inter-
est was the nonlinear growth and decay of the 1/2 sub-harmonic
resonance of the free liquid surface." (1, p. 37)
The experiment was one of seven investigations performed in the
Fluid Physics Module (FPM) during the mission. The experimental
hardware associated with this particular experiment consisted of:
(i) five cylindrica_ containers (6 cm outer diameter, 12 cm
high), (2) a Perspex _M viewing lens (to correct for optical
distortion), (3) a baseplate for mounting the container on the
end of the FPM, and (4) a film camera (16 mm film). Four of the
five cylindrical containers had cavities of the following shapes:
(1) cylindrical, (2) annular cylindrical, (3) spherical, and (4)
rectangular. The fifth container was configured with "...a
cylinder and a cylindrical annulus side-by-side and normal to the
axis of symmetry of the external cylindrical shape." (1, p. 37)
Each container was half-filled with silicone oil of 3 cS vis-
cosity (30 dyne/cm surface tension). The silicone oil contained
aluminum flakes for flow observations. (See Reference (1), Figure
i, p. 40.) <Note: Details of the low-gravity experimental
sequence were not presented in the available publications.>
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<Note: At the time this experiment summary was written, only
preliminary results could be located in the published literature.
These results are discussed below.>
The data from this experiment "...were to consist of three rolls
of film containing images of the liquid in the various con-
tainers, plus a print-out of the data, transmitted via the MSDR
computer. These data are the actual performance parameters of
the FPM, and timing bits to allow correlation of performance and
pictorial data. Additional data were expected from the crew's
comments during execution of the experiment. However, this
highly valued commentary did not materialize, as a consequence of
a confounded invention, called "negative reporting,' which was
put in force on Spacelab i." (2, pp. 83-84) Also, the "Film was
generally underexposed and sometimes damaged by the film
transport mechanism. Nevertheless quantitative evaluation of
pictorial information is possible .... In addition to the nominal
data yield, video and 16 mm colour film recordings were produced
of various activities withthe containers of 1 ES 330 outside the
FPM. A fascinating video clip shows Ulf Merbold, assisted by Bob
Parker, exchanging the liquid from the cylinder container for
water. The water had an almost 90...[degree]... contact angle
with the container wall and this allowed some entertaining fluid
dynamics demonstrations. Subsequently, a number of experiments
with the cylinder container were performed. During some of these
it was shown that a hydrostatic configuration in a spinning
cylinder, whereby all liquid was centrifuged to the cylindrical
wall, could be maintained through a careful spin-down of the
cylinder to a stationary state." (2, p. 85) Color film of the
annular cylinder free-floating in Spacelab indicated a non-
axisymmetric hydrostatic equilibria of the liquid.
"The flight film from the FPM was collected a few days after the
landing of STS-9 at Edwards AFB. After processing, the film was
taken back to Europe and distributed to the investigators.
However, the relevant FPM operational data, that have to be ex-
tracted from the total MSDR data records, are not yet available.
These quantitative data of the conditions that provoked the liq-
uid behavior recorded on film are necessary for definitive inter-
pretation." (2, p. 88)
Some quantitative information could be obtained from a cylinder
which had a grid scratched on the inner surface (grid lines were
24 degrees apart around the cylinder circumference). "When, in
the FPM, one of these lines is illuminated by the thin beam (slit
illumination) the light is sufficiently scattered that the line
becomes a source. The image of this source is recorded by the
camera, usually in multiple ways." (2, p. 88) It was determined,
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from the curvature of the images, that the free liquid surface is
either a refracting or reflecting element in the light ray trace.
It was intended that the quantitative data obtained from this ex-
periment would be used to confirm prediction methods. These pre-
dictions were obtained utilizing the computer program SAVOF.
"SAVOF is a finite difference code of the... Marker-and-Cell
(MAC)/Volume-of-Fluid family." (2, p. 83) However, because of
the unavailability of quantitative data, this analysis could not
be performed.
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Fluid Physics, Contained Fluids, Partially Filled Con-
tainers, Propellant Tanks, Spinning Containers, Rotating Fluids,
Transparent Liquids, Free Surface, Surface Tension, Meniscus
Shape, Contact Angle, Container Shape, Fluid Oscillation, Liquid
Dynamic Response, Resonant Frequency, Viscosity, Solid/Liquid In-
terface, Liquid/Gas Interface, Tracer Particles, Optics Assembly,
Illumination System, Photographic Difficulties
Number of Samples: Unclear, there were five containers (although
multiple runs may have been made for each container).
Sample Materials: silicone oil (viscosity = 3 cS, surface tension
= 20 dyne/cm) with tracers (_akes)
Container Materials: Perspex _'"
Experiment/Material Applications:
Often, spacecraft have fuel tanks of fluid which are partially
filled. If a large enough empty tank volume is available the
movement of this fluid will exert forces on the spacecraft. It
was reported that at the time this experiment was performed, a
reliable method to predict these forces did not exist. There-
fore, large safety margins had to be accounted for to prevent
spacecraft instabilities. It was expected that low-gravity fluid
motion experiments such as these would lead to a better under-
standing of these forces.
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References/Applicable Publicationsz
(i) Vreeburg, J.P.B.: Axisymmetric Free Surface Behavior Of
Moving Liquid in a Cylinder in Microgravity. In ESA 5th European
Symposium on Material Sciences Under Microgravity, Results Of
Spacelab i, Schloss Elmau, November 5-7, 1984, ESA SP-222, pp.
37-42. (post-flight)
(2) Vreeburg, J.P.B.: Overview Of Spacelab Experiment 1 ES 330-
Coupled Motion of Liquid-Solid Systems in Reduced Gravity. Earth
Oriented Applications of Space and Technology, Vol. 5, No. 1-2,
1985, pp. 83-89. (post-flight)
(3) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements)
(4) Vreeburg, J.P.B.: Observations on Behavior of Liquid in
Weightlessness. In Proceedings of the 30th Anniversary of the
yon Karmon Institute for Fluid Dynamics, Rhode-St-Genese, Bel-
gium, June 1986. (post-flight)
Contact(s):
Dr. J.P.B. Vreeburg
National Aerospace Laboratory NLR
P.O. Box 90502
NL-1006
BM Amsterdam
The Netherlands
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Princlpal Investlgator(s): Vreeburg, J.P.B. (1)
Co-Investlgator(s): Unknown
Affillatlon(s): (1) National Aerospace Laboratory NLR,
dam, The Nederlands
Amster-
Experiment Origin: The Netherlands
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Materials Science Double
Rack (MSDR)
Processing Facility: Fluid Physics Module (FPM) (the same
facility as the FPM of Spacelab 1 but with improvements)
Builder of Processing Facility: Unknown
Experiment:
Liquid Motions in Partially Filled Containers (WL-FPM-08)
This Spacelab D1 experiment was the second in a series of inves-
tigations designed by Vreeburg to study the motion of contained
liquids under low gravity conditions (see Vreeburg, Spacelab i).
The specific objectives of this study were to (i) verify the
results of a computer model which predicted contained liquid be-
havior in response to certain excitations and (2) obtain informa-
tion which would lead to further developments of numerical models
of fluid dynamics.
The experiment was conducted in the Fluid _ysics Module (FPM).
Three experiment containers (made of Perspex_"*), each with a dif-
ferently shaped cavity, were to be used during this experiment:
(i) spherico-cylinder, (2) double torus, and (3) thin annulus.
The cylindrical cavity, designated as "FLIM-I," was partially
filled with doubly-distilled water which contained Iriodine (a
tracer). Reportedly, the inside surface of the this cylindrical
cavity "...bears 32 equispaced meridional scratch lines that show
up as luminous lines in the thin parallel beam illumination of
the FPM." (5, p. 112) The other two cavities, designated as
"FLIM-2" and "FLIM-3," were partially filled with silicone oil.
During the Spacelab D1 mission, the FLIM-I container was sub-
jected to six sequences of excitation: (i) no rotation, (2) 25
rpm rotation, (3) 33 rpm rotation, (4) spin-down from 35 rpm to 0
rpm, (5) spin-up from 0 rpm to 35 rpm, and (6) no rotation.
During the first five sequences the container was also subjected
to oscillations of a maximum amplitude of 0.5 mm and a frequency
above 1.9 Hz. The container was not oscillated during the sixth
sequence.
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It is unclear from the available references if data were obtained
from FLIM-2 and FLIM-3. Reference (5) briefly stated that
"...they [FLIM-2 and FLIM-3] are excluded from consideration in
this paper since they have not been operated to yield substantial
experimental data." (5, p. 113)
Post-flight analysis of the film of FLIM-I concentrated on the
study of (i) the movement of the contact line between the liquid
and the cavity and (2) the oscillation frequency of the liquid.
Analysis from sequence 1 (no rotation) indicated that there is
some slip of the contact line during oscillation of the liquid
surface. Graphing the average contact line position versus time
(see Reference (5) for details) for sequence 5 (2.38 Hz
oscillation), indicated that "...the contact line moves upward in
the course of the adjustment of the liquid to the rotation of the
container." (5, p. 115) The graph illustrated certain ir-
regularities which had not been interpreted as of the latest,
available publication. However, it was reported that "Stickslip
of the contact line does not appear [a likely cause of the
irregularities] since the container is oscillated at 2.38 Hz."
(5, p. 115)
During the execution of sequences 1 to 3, the Payload Specialist
was required to locate the oscillation frequency which resulted
in the maximum response amplitude of the liquid. The displace-
ment of a tracer particle with respect to a fixed container point
was plotted. Fourier analysis of this data revealed a resonance
peak of 2.13 Hz. Within experimental error, this agrees with the
peak frequency (2.12 Hz) observed by the Payload Specialist. The
same type of agreement occurred when the excitation during
sequence 3 was analyzed using a point on a bubble in the liquid.
Analysis of the radial location of the bubble (with Fourier
decomposition) revealed the correct rotational velocity (33.4
rpm). This analysis also indicated a slosh frequency of 1.67 Hz.
These results were compared to various predictions (see Reference
(5)).
No other information concerning the results of this experiment
could be located at this time.
Key Words: Fluid Physics, Transparent Liquids, Contained Fluids,
Partially Filled Containers, Spinning Containers, Rotating
Fluids, Free Surface, Surface Tension, Meniscus Shape, Contact
Angle, Container Shape, Fluid Oscillation, Liquid Dynamic
Response, Sloshing, Oscillation Amplitude, Oscillation Frequency,
Viscosity, Solid/Liquid Interface, Liquid/Gas Interface, Bubbles,
Bubble Formation, Tracer Particles, Illumination System, Process-
ing Difficulties
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Number of Samples: unclear
Sample Materials: (i) in cylindrical container: doubly distilled
water with iriodine (a tracer); (2) in double torus and thin an-
nulus containers: silicone o_
Container Materials: Perspex
Experiment/Material Applications:
See Vreeburg, Spacelab i.
References/Applicable Publications:
(i) Vreeburg, J.P.B. and Vogels, M.E.S.: Liquid Motion in Par-
tially Filled Containers: Preliminary Results of the D-1 Mission.
Adv. Space Res., Vol. 6, No. 5, 1986, pp. 85-92. (post-flight)
(2) Vreeburg, J.P.B.: Forced Liquid Moyions in Microgravity. In
BMFT/DFVLR Scientific Results of the German Spacelab Mission DI,
Abstracts of the D1 Symposium, Norderney, Germany, August 27-29,
1986, p. 95. (post-flight)
(3) Vreeburg, J.P.B.: Liquid Motions in Partially Filled Con-
tainers. In Scientific Goals of the German Spacelab Mission DI,
WPF, 1985, pp. 45-46. (preflight)
(4) Langbein, D.: Fluid Physics. In Proceedings of the Norderney
Symposium on Scientific Results of the German Spacelab Mission
DI, Norederney, Germany, August 27-29, 1986, pp. 93-94 specifi-
cally. (post-flight)
(5) Vreeburg, J.P.B.: Results of the Forced Liquid Motion Experi-
ment "FLIM." In Proceedings of the Norderney Symposium on Scien-
tific Results of the Germany Spacelab Mission DI, Norderney,
Germany, August 27-29, 1986, pp. 112- 117. (post-flight)
(6) Hamacher, H., Merbold, U., and Jilg, R.: Analysis of
Microgravity Measurements Performed During DI. In Proceedings of
the Norderney Symposium on Scientific Results of the German
Spacelab Mission DI, Norderney, Germany, August 27-29, 1986, pp.
48-56. (post-flight; acceleration measurements on DI)
(7) Vreeburg, J.P.B.: Observations on Behavior of Liquid in
Weightlessness. In Proceedings of the 30th Anniversary of the
von Karmon Institute for Fluid Dynamics, Rhode-St-Genese, Bel-
gium, June 1986. (post-flight)
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Contact(s):
Dr. J.P.B. Vreeburg
National Aerospace Laboratory NLR
P.O. Box 90502
NL-1006
BM Amsterdam
The Netherlands
12-236
Prinoipal Investigator(s): Monti, R. (1)
Co-Investigator(s): None
Affiliation(s): (1) Institute of Aerodynamics "Umberto Nobile,-
University of Naples, Italy
Experiment Origin: Italy
Mission: TEXUS 9
Launch Date/Expt. Date: May 1984
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-4 (the fourth
version of the TEM-06 dedicated to fluid physics) The module
employed a lightsection optic.
Builder of Processing Facility: MBB/ERNO, Bremen, Germany
Experiment:
Thermal Maranqoni Convection in a Floating Zone
This TEXUS 9 experiment was the second in a series of low-gravity
investigations designed by Monti and/or Napolitano et al. to
study thermal Marangoni convection in a liquid bridge (see
Napolitano, Spacelab 1 (this chapter)). The specific objectives
of the investigation were to (1) study the unsteady thermal con-
ditions in the liquid bridge and (2) characterize the different
thermal and flow regimes at relatively high Marangoni numbers.
Measured characteristics (temperature and flow velocity) were to
be compared to theoretical calculations.
The experiment was housed in the TEXUS Experiment Module TEM 06-
4. The module was used to create a silicone oil liquid bridge
between two disks, one of which was heated. Ten thermocouples
were used throughout the system: five located within the bridge,
one in each disk, two in the disk support, and one measuring am-
bient temperature. The silicone oil contained tracers for flow
determinations. The module employed a lightsection optic and
cine camera to observe fluid motion.
At approximately 40 seconds after rocket lift-off, five ther-
mocouples were inserted into the liquid bridge. After another 90
seconds, the upper disk was heated to 90 °C at a rate of 1 K/s.
During the low-gravity phase of the experiment, three different
flow regimes were established and examined: (i) laminar (Stokes
and boundary layer), (2) oscillatory, and (3) non-periodic.
(Reference (i) contains discussions of the data reduction tech-
niques and theoretical calculations.) Post-flight examination of
the thermal and photographic data indicated that, for a given
Prandtl number, the different flow regimes appeared to occur at a
particular temperature difference across the zone. It was
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reported that the laminar regime occurred sometime between t =
130 and 180 seconds after lift-off. From 180 to 320 seconds
after lift-off a turbulent motion appeared. After the turbulent
motion decayed, a periodic oscillatory flow was established.
"The transition from laminar to oscillatory and from this to non
periodic 'turbulent" regime occurs at very high Peclet numbers in
the heating phase due to the relatively high heating rates and to
the thermal unsteadyness[sic] of the process (its effect is dif-
ficult to estimate)." (i, p. 232) <Note: See Reference (i) for
presentation of thermal data.>
Numerical calculations of the flow agreed well with the observed
velocities during the l_minar flow portion of the experiment
(Peclet number = 1.8 x i0 _) . However, for t > 170 seconds there
was disagreement between the experimental and numerical
velocities. There were several possibilities reported for this
discrepancy (see Reference (i)), with the most likely cause at-
tributed to turbulence or microscopic oscillations within the
flow field.
It was also reported that "...velocities reach[ed] almost a limit
just before the onset of turbulence [which] may be indicative of
a laminar to turbulent transition in the boundary layer near the
free surface. A possible explanation for the oscillations first
appearance is that turbulence was established (when the Reynolds
number reaches a critical value) and that the turbulence
trigger[ed] the oscillations through the coupling of the tempera-
ture field. The surface Reynolds number corresponding to the
maximum axial velocity that appear[ed] to prevail just before the
oscillations is Rey i0." (i, p. 233) <Note: "Rey" is Reynolds
number.>
The thermal data acquisition and heat transfer analysis were dif-
ficult. "The failure of the... [thermocouple measuring the tem-
perature of the upper disk] during flight caused many dif-
ficulties in the heat transfer data reduction and in the numeri-
cal correlation." (i, p. 233)
Key Words: Fluid Physics, Transparent Liquids, Liquid Bridges,
Free Surface, Surface Tension, Thermal Gradient, Heat Transfer,
Surface Tension-Driven Convection, Marangoni Convection, Ther-
mocapillary Convection, Oscillatory Marangoni Convection, Steady
to Oscillatory Convective Transition, Time Dependent Thermocapil-
lary Flow, Critical Marangoni Number, Liquid/Gas Interface,
Boundary Layer, Flow Velocity, Turbulent Flow, Stokes Flow, Liq-
uid Expulsion Through a Small Orifice, Liquid Injection, Liquid
Transfer, Trader Particles, Containerless Processing Applica-
tions, Optics Assembly, Hardware Malfunction
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Number of Samples: one
Sample Materials: _ilicone oil (viscosity = 5 cS) with tracer
particles (1.5 mg/cm J, average diameter = 150 microns)
Container Materials: not applicable; disk material: copper
(cu*)
Experiment/Material Applications:
See Martinez, TEXUS 10 (Chapter 2) or Napolitano, Spacelab D1
(this chapter).
References/Applicable Publications:
(1) Monti, R., Napolitano, L. G., and Mannara, G.: Texus Flight
Results on Convective Flows and Heat Transfer in Simulated Float-
ing Zones. In Proceedings of the 5th European Symposium on
Material Sciences Under Microgravity, Schloss Elmau, November 5-
7, 1984, ESA SP-222, pp. 229-236. (post-flight)
(2) Monti, R. and Mannara, G.: TEXUS Experiment on the Convective
Heat Transfer Induced by Marangoni Flows. 25th Congress of the
International Astronautical Federation, October 7-13, 1984,
Lausanne, Switzerland, IAF-84-144. (post-flight)
(3) Langbein, D.: Fluid Physics. In Scientific Results of the
German Spacelab Mission DI, Norderney Symposium, Norderney, Ger-
many, August 27-29, 1986, pp. 93-104. (post-flight; briefly men-
tions TEXUS 9 experiment)
(4) Thermal Marangoni Convection in a Floating Zone. In Summary
Review of Sounding Rocket Experiments in Fluid Science and
Materials Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA SP-I132,
February 1991, pp. 66-67. (post-flight)
(5) Input received from R. Fortezza, August 1993.
Contact(s):
Dr. Rodolfo Monti
Istituto di Aerodinamica Umberto Nobile
Universita di Napoli
Piazzale V. Tecchio 80
80125 Napoli
Italy
Dr. Raimondo Fortezza
Microgravity Advanced Research and Support (MARS) Center
Via Diocleziano, 328
80125 Napoli
Italy
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Principal Investigator(s)= Monti, R. (i)
Co-Investigator(s): Fortezza, R. (2)
Affiliation(s)= (1) Institute of Aerodynamics "Umberto Nobile,"
University of Naples, Italy; (2) During TEXUS 14a: Institute of
Aerodynamics "Umberto Nobile," University of Naples, Italy,
Currently: Microgravity Research and Support (MARS) Center,
Naples, Italy
Experiment Origin: Italy
Mission: TEXUS 14a
Launch Date/Expt. Date: May 1986
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-4 (the fourth
version of the TEM-06 dedicated to fluid physics): float zone ap-
paratus equipped with light band optics
Builder of Processing Facility: MBB/ERNO, Bremen, Germany
Experiment:
Thermal Maranqoni Convection in a Floatinq Zone
This TEXUS 14a experiment was the fourth in a series of low-
gravity investigations designed by Monti and/or Napolitano et al.
to study thermal Marangoni convection in a liquid bridge (see
Napolitano, Spacelab i, Spacelab DI; Monti, TEXUS 9 (all in this
chapter)).
Very little information concerning the specific objectives and
setup of the TEXUS 14a experiment could be located. The Co-
Investigator reported the following:
"The experiment conceived was similar to the one already flown on
TEXUS 9 but was interactively controlled from [the] ground. The
cinecamera[sic] of TEM-06-04 was replaced by CCD, to receive
real-time images from the facility. The thermocouple comb, used
to scan the temperature in the liquid bridge, was motorized to
change the tips during the flight. The experiment execution
(automatic during TEXUS 9) was controlled from the block house...
[at the launch site] by the Investigators. <Note: CCD was not
defined. Further, it is not clear what "tips" were changed in
the thermocouple comb.>
"73 seconds after the lift-off, the two disks,... [(outer
diameter= 18 mm)] were separated (1=18 mm) and the liquid was in-
jected to form the liquid bridge between them. Due to an...
[unexpected] "wobbling motion" caused by a failure in the rocket
control, the residual acceleration on board [the rocket] was much
higher than expected, and the silicone oil injected flowed out of
the support, without forming the liquid bridge. During the
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flight the telecontrol capabilities were successfully tested."
(3)
The experiment was reflown on TEXUS 14b (see Monti, TEXUS 14b).
Key Words: Fluid Physics, Liquid Bridges, Transparent Liquids,
Free Surface, Surface Tension, Thermal Gradient, Heat Transfer,
Surface Tension-Driven Convection, Marangoni Convection, Ther-
mocapillary Convection, Liquid Expulsion Through a Small Orifice,
Liquid Injection, Liquid Transfer, Liquid/Gas Interface, Ac-
celeration Effects, Rocket Motion, Processing Difficulties
Number of Samples: one
Sample Materials: Silicone oil (5 cS). <Note: it is not clear if
tracer particles were added to the oil.>
Container Materials: Not applicable; disk material: copper
(cu*)
Experiment/Materlal Applications:
See Napolitano, Spacelab DI.
References/Applicable Publications:
(I) Experimentalmodul TEM 06-4. In BMFT/DFVLR TEXUS 13-16
Abschlussbericht, 1988, p. 79. (in German; discusses experiment
module)
(2) Experimentelle Nutzlast und Experimente TEXUS 14. In
BMFT/DFVLR TEXUS 13-16 Abschlussbericht, 1988, pp. 53-55. (in
German; post-flight)
(3) Input received from Co-Investigator R. Fortezza, August 1993.
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Contact(s):
Dr. Rodolfo Monti
Istituto di Aerodinamica Umberto Nobile
Universita di Napoli
Piazzale V. Tecchio 80
80125 Napoli
Italy
Dr. Raimondo Fortezza
Microgravity Advanced Research and Support (MARS) Center
Via Diocleziano, 328
80125 Napoli
Italy
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Principal Investigator(s): Monti, R. (i)
Co-Investigator(s): Fortezza, R. (2)
Affiliation(s): (1) Institute of Aerodynamics "Umberto Nobile,"
University of Naples, Italy; (2) During TEXUS 14b: Institute of
Aerodynamics "Umberto Nobile," University of Naples, Italy,
Currently: Microgravity Advanced Research and Support (MARS) Cen-
ter, Naples, Italy
Experiment Origin: Italy
Mission: TEXUS 14b
Launch Date/Expt. Date: May 1987
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-4 (fourth
version of the TEM-04 dedicated to fluid physics): float zone ap-
paratus - modified post TEXUS 14a to include one additional
remote command line for control of the temperature gradient.
Builder of Processing Facility: MBB/ERNO, Bremen, Germany
Experiment:
Thermal Marangoni Convection in a Floatinq Zone
This TEXUS 14b experiment was the fifth in a series of low-
gravity investigations designed by Monti and/or Napolitano et al.
to study thermal Marangoni convection in a liquid bridge (see
Napolitano, Spacelab i, Spacelab DI; Monti, TEXUS 9, TEXUS 14a
(all in this chapter)). The specific objective of the experiment
was to investigate the onset of Marangoni oscillations under dif-
ferent thermal conditions.
The experiment was performed in the TEXUS Experiment Module TEM
06-4. A silicone oil liquid bridge, anchored between two copper
disks, could be created in the apparatus. The oil contained
glass tracers for flow velocity determination. The system was
equipped with a camera which allowed real-time control of the ex-
perimental process during the sounding rocket flight. A "comb"
of thermocouples, which could be moved during the experiment by
operators on the ground was placed within the liquid. A flux-
meter adjacent to each of the copper disks was used to determine
heat flux.
"The experiment was fully controlled from Italy, using Teles-
cience approach. Satellite link was used to transmit the video
images from... [the launch site]; digital data and commands were
transferred using ground leased lines." (5)
At the beginning of the experiment, the "upper" disk was heated
with a predetermined temperature ramp. The onset of oscillation
occurred 210 seconds after lift-off at a heater ramp of 0.4 °C/s
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and a disk temperature difference of 28.5 °C. (The onset of os-
cillation was determined via real-time video and thermocouple
data down-links.) The heater was then switched off 15 seconds
after the onset of oscillations and remained off until the oscil-
lations completely decayed (350 seconds after lift-off).
The experimental sequence was then repeated with a different up-
per disk temperature ramp. During this second sequence, the on-
set of oscillation occurred after the heater was switched on (t =
350 seconds) at a heater ramp of 0.5 °C/s and a disk temperature
difference of 33.2 °C. Reportedly, the low-gravity phase of the
rocket ended before complete decay of the oscillations was ob-
served.
A previous experiment (TEXUS 9) indicated that the onset of os-
cillation is governed by (i) surface velocity and (2) free sur-
face conditions. Therefore, for this TEXUS 14b experiment, the
onset of oscillation was correlated with the dynamic Weber number
by defining this in terms of the surface velocity and charac-
teristic capillary velocity. A critical transition parameter was
defined as the square root of twice the Weber number which was
equated with the ratio of the surface velocity to the capillary
velocity (see Reference (4) for further details).
The experimental data were also used to determine the nondimen-
sional value of the heat transfer rate (defined as the ratio of
the heat flux through the lower disk to the purely conductive
heat transfer through a quiescent liquid). However, "The measure
of the experimental heat flux by the upper fluxmeter was affected
by an error due to the presence of a copper cylinder (necessary
to hold the tracers holding screen) across the insulator
(glue+mylar) layer." (2, p. 85) Therefore, the nondimensional
heat transfer was evaluated utilizing only the lower fluxmeter
(see Reference (2) for analysis).
Key Words: Fluid Physics, Liquid Bridges, Transparent Liquids,
Free Surface, Surface Tension, Thermal Gradient, Heat Transfer,
Surface Tension-Driven Convection, Marangoni Convection, Ther-
mocapillary Convection, Oscillatory Marangoni Convection, Conduc-
tion, Liquid/Gas Interface, Flow Velocity, Liquid Expulsion
Through a Small Orifice, Liquid Transfer, Liquid Injection,
Hydrodynamics, Capillary Forces, Tracer Particles, Containerless
Processing Applications
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Numbez of Samplesz One liquid bridge, two oscillation regimes.
Sample Materials: Silicone oil (5 cS) with Echosphere glass
tracer particles (outer diameter= 100-125 microns)
Container Materlalsz Not applicable; disk material: copper
(cu*)
Experiment/Material Applications:
See Napolitano, Spacelab DI.
References/Applicable Publications:
(i) Experimentmodul TEM 06-4. In BMFT/DFVLR TEXUS 13-16
Abschlussbericht, 1988, p. 79. (in German; discusses experiment
module)
(2) Monti, R. and Fortezza, R.: Experimental Results on
Microgravitational Fluid Dynamics During TEXUS Program. In
BMFT/DFVLR TEXUS 13-16 Abschlussbericht, 1988, pp. 80-88.
(3) Monti, R.: On the Onset of the Oscillatory Regimes in Maran-
goni Flows. In Acta Astronautica, Vol. 15, Number 8, 1987, pp.
557-560. (post-flight; discusses conclusions from TEXUS,
Spacelab i, and Spacelab D1 experiments)
(4) Experimental Results on Microgravitational Fluid Dynamics.
In Summary Review of Sounding Rocket Experiments in Fluid Science
and Materials Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA SP-
1132, February 1991, pp. 68-73. (post-flight)
(5) Input received from Co-Investigator R. Fortezza, August 1993.
Contact(s):
Dr. Rodolfo Monti
Istituto di Aerodinamica Umberto Nobile
Universita di Napoli
Piazzale V. Tecchio 80
80125 Napoli
Italy
Dr. Raimondo Fortezza
Microgravity Advanced Research and Support (MARS) Center
Via Diocleziano, 328
80125 Naploli
Italy
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Principal Investigator(s}: Asahi National Broadcasting Company,
Ltd. (i)
Co-Investigator(s): Fujimoto, K. (2), Goans, M. (Technical
Manager) (3)
Affiliation(s): (i) Tokyo, Japan; (2) Asahi National Broadcasting
Company, Ltd., Tokyo, Japan; (3) National Aeronautics and Space
Administration (NASA), Goddard Space Flight Center (GSFC), Green-
belt, Maryland
Experiment Origin: Japan
Mission: STS Launch #13, STS-017 (STS 41-G, Challenger)
Launch Date/Expt. Date: October 1984
Launched From: NASA Kennedy Space Center, Florida
Payload Type: NASA Get Away Special (GAS) Canister G-032
Volume of Canister: 5 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-032: Nippon Electric Company
(NEC), Yokohama, Japan/Asahi National Broadcasting Company,
Tokyo, Japan
Processing Facility: A blower used to launch small metal and
plastic balls. <Note: Although additional elements of the
processing facility were not detailed in the available publica-
tions, it is suspected that the payload must have also been
equipped with a water ball generator and a water heater.>
Builder of Processing Facility: Unknown, possibly Nippon Electric
Company, Yokohama, Japan
Experiment:
Physics of Solids and Liquids (Water Ball Collision)
This experiment was one of four investigations housed within the
G-032 Get Away Special Canister during STS-017. The three other
experiments are applicable to this data base and are listed under
Asahi, STS-017, Chapter 14, "(i) Indium-Antimony Crystal Produc-
tion, (2) Lead Zinc Alloy Production, and (3) Glass Composite
Production."
The "Physics of Solids and Liquids" experiment was the first in a
series of investigations designed by Asahi National Broadcasting
Company, Ltd. et al. to study the surface tension of water in a
reduced gravity environment.
During the space experiment, "...the collision of a small solid
ball projected toward a water ball..." (3, p. 2-2) was to be in-
vestigated via video images of the impact.
Reference (4) indicated that the experiment was "unsuccessful"
and that the payload had to be repaired before it was reflown on
the later STS-023 mission (see Asahi, STS-023, GAS G-035). Based
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on Reference (5), it appears that the "unsuccessful" nature of
the experiment was due to the unexpected freezing of the water to
be used in the experiment.
No other publications could be located that further described the
G-032 experiment setup or space flight anomalies.
Key Words: Fluid Physics, Drops, Solid/Liquid Collision, Drop
Formation, Droplet Injection, Liquid Expulsion Through A Small
Orifice, Droplet Collision, Impact Velocity, Drop Oscillation,
Drop Dynamics, Liquid Dynamic Response, Surface Tension, Free
Surface, Solid/Liquid Interface, Thermal Environment More Extreme
Than Predicted, Hardware Malfunction, Processing Difficulties,
Sample Not Processed As Planned
Number of Samples: unknown
Sample Materials: solid plastic and metal spheres, water
Container Materials: not applicable
Experiment/Material Applications:
Reference (2) notes that such collision investigations are of in-
terest to nuclear physicists. The experiments are a macroscopic
model of the reaction of atomic nuclei.
References/Applicable Publications:
(i) NASA Space Shuttle Mission 51-D Press Kit, April 1985, p. 17.
(very brief preflight summary)
(2) Fujimoto, K.: Water Ball Collision. In NASA Goddard Space
Flight Center The 1985 Get Away Special Experimenter's Symposium,
pp. 81-84. (discusses 51-D results)
(3) STS-41-G Cargo Systems Manual: GAS.
Version, NASA JSC, September 4, 1984.
JSC-17645 Annex Final
(4) STS-51D Cargo Systems Manual: GAS.
Version, NASA JSC, March 20, 1985.
JSC-17645 Annex 7 Final
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(5) Get Away Special... the first ten years. Published by God-
dard Space Flight Center, Special Payloads Division, the NASA GAS
Team, 1989, p. 22. (post-flight; very brief description)
(6) NASA Space Shuttle Mission 41-G Press Kit, October 1984, p.
23. (preflight)
(7) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special Canister mission
history)
(8) Shuttle Payload Creates Space Sculpture. Aviation Week and
Space Technology, October 15, 1984, p. 21. (post-flight)
Contact(s):
Mr. Kazuo Fujimoto
c/o Video Engineering Dept.
Asahi National Broadcasting Co., Ltd.
6-4-10 Roppongi, Minato-Ku
Tokyo, 106
Japan
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Principal Investlgator(s): Asahi National Broadcasting Company,
Ltd. (i)
Co-Investlgator(s): Fujimoto, K. (2), Goans, M. (GSFC Technical
Manager) (3)
Affiliatlon(s): (1) Tokyo, Japan; (2) Asahi National Broadcasting
Company, Ltd., Tokyo, Japan; (3) National Aeronautics and Space
Administration (NASA), Goddard Space Flight Center (GSFC), Green-
belt, Maryland
Experiment Origin: Japan
Mission: STS Launch #16, STS-023 (STS 51-D, Discovery)
Launch Date/Expt. Date: April 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: NASA Get Away Special (GAS) Canister G-035
Volume of Canister: 5 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-035: Nippon Electric Company
(NEC), Yokohama, Japan/Asahi National Broadcasting Company,
Tokyo, Japan
Processing Facility: A water ball generator and a solid ball
launching facility. Heaters were added to the payload to prevent
the water from freezing.
Builder of Processing Facility: Unknown, possibly Nippon Electric
Company, Yokohama, Japan
Experiment:
Physics of Solids and Liquids (Water Ball Collision)
This experiment was one of four investigations housed within the
G-035 Get Away Special Canister during STS-023. The three other
experiments are applicable to this data base and are listed under
Asahi, STS-023, Chapter 14, "(I) Indium-Antimony Crystal Produc-
tion, (2) Lead-Zinc Alloy Production, and (3) Glass Composite
Production."
The "Physics of Solids and Liquids" experiment was the second in
a series of investigations designed by Asahi National Broadcast-
ing Company, Ltd. et al. to study the surface tension of water
in a reduced gravity environment.
During the low-gravity investigation, 4 mm diameter stainless
steel balls were projected toward a 16 mm diameter water ball.
Preliminary ground-based experiments had indicated that projec-
tion rates varying from 50-1050 mm/second would allow the obser-
vation of three different surface-tension related phenomena: (i)
the ball passing through the water completely, (2) the ball pass-
ing into the water and remaining captured, and (3) the ball fail-
ing to break the surface tension of the water. Twenty experi-
ments were completed; fourteen of which gave interesting results.
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Collisions and projection rates were recorded by video camera.
Analysis of the video images indicated that at projection rates
of 50-300 mm/s, the steel balls appeared to break into the water
ball, but bounced back and revolved around the surface of the
water ball. At a projection rate of 380 mm/s, the steel ball
broke into the water ball, but again revolved around the water
ball's surface. "At a rate of 690 mm/second or more, the stain-
less steel balls passed through the water ball. At the rate of
900 mm/second... [the] water ball, given high energy by the col-
liding stainless steel ball, shivered vigorously, and when the
stainless steel ball left the water ball, a portion of water was
separated from the water ball, to form two small water balls.
One of the daughter water balls flew away in the direction 90 ° to
the direction in which the stainless steel ball left." (2, p. 83)
Other observations were detailed in Reference (2).
Key Words: Fluid Physics, Drops, Solid/Liquid Collision, Drop
Formation, Droplet Injection, Liquid Expulsion Through A Small
Orifice, Droplet Collision, Impact Velocity, Drop Oscillation,
Drop Dynamics, Liquid Dynamic Response, Free Surface, Surface
Tension, Solid/Liquid Interface
Number of Samples: twenty
Sample Material: stainless steel spheres; water
Container Materials: not applicable
Experiment/Material Applications:
Please see Asahi, "Physics of Solids and Liquids," STS-017.
References/Applicable Publications:
(i) NASA Space Shuttle Mission 51-D Press Kit, April 1985, p. 17.
(very brief preflight summary)
(2) Fujimoto, K.: Water Ball Collision. In NASA Goddard Space
Flight Center's 1985 Get Away Special Experimenter's Symposium,
October 8-9, 1985, pp. 81-84, NASA CP-2401. (post-flight)
(3) Cargo Systems Manual: GAS; Annex for STS 41-G. JSC-17645 41-
G, NASA JSC, September 4, 1984.
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(4) Cargo Systems Manual: GAS; Annex for STS 51-D. JSC-17645 51-
D, NASA JSC, March 20, 1985.
(5) Get Away Special... the first ten years. Published by God-
dard Space Flight Center, Special Payloads Division, The NASA GAS
Team, 1989, p. 25. (short description; post-flight)
(6) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special Canister mission
history)
contact(s):
Mr. Kazuo Fujimoto
c/o Video Engineering Dept.
Asahi National Broadcasting Co., Ltd.
6-4-10 Roppongi, Minato-Ku
Tokyo, 106
Japan
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Principal Investigator(s): McDonnell Douglas Astronautics Company
(x)
Co-Investigator(s): Orton, G. (Payload Manager) (2)
Affiliation(s): (1) St. Louis, Missouri; (2) McDonnell Douglas
Astronautics Company, St. Louis, Missouri
Experiment Origin: USA
Mission: STS Launch #13, STS-017 (STS 41-G, Challenger)
Launch Date/Expt. Date: October 1984
Launched From: NASA Kennedy Space Center, Florida
Payload Type: NASA Get Away Special (GAS) Canister G-074
Volume of Canister: 5.0 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-074: McDonnell Douglas
Astronautics Company, St. Louis, Missouri
Processing Facility: Fluid motion was to be observed on stainless
steel, mesh-screen baffles inside a PlexiglasTM-and-aluminum test
tank assembly.
Builder of Processing Facility" McDonnell Douglas Astronautics
Company, St. Louis, Missouri
Experiment:
Zero G Fuel System Test: (A) Surface Tension Propellant Tank Test
Test and (B) Inertia-Driven Propellant Transfer Demonstration
Propellant tanks, designed to use the surface tension of the fuel
to move or maintain the liquid at an appropriate position within
the tank, will be employed on future satellites and spacecraft.
The overall objective of this STS-017 Get Away Special (GAS) ex-
periment was to (i) investigate the use of advanced surface-
tension, propellant-acquisition concepts in the design of propel-
lant tanks, and (2) demonstrate the bubble-free delivery of fuel
(from a partially filled propellant tank) to the spacecraft en-
gines. More specifically, the experiment was designed to
demonstrate "...an off-load capability for a full-tank propellant
acquisition system, a capability that does not exist with current
full-tank surface tension devices such as the Shuttle RCS propel-
lant acquisition system .... [In the Shuttle RCS system], the
gallery legs must be kept full of propellant to ensure gas-free
propellant delivery to the engines. This is not possible when
the tank is launched with a partial propellant load because, un-
covered, the forward gallery leg screens are not able to retain
propellant during launch acceleration. The g-0074 experiment...
[was] designed to solve this problem by demonstrating passive
gallery fill following orbit insertion. In addition,... [the ex-
periment was expected to] demonstrate a passive refillable trap
concept that could be used in an orbit maneuver propulsion system
to provide multiple engine restart capability." (4, p. 87)
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<Note: A figure detailing the Shuttle RCS Propellant Acquisition
Device is pictured in Reference (4), p. 88.>
The experimental hardware included (i) a test tank, (2) a movie
camera, (3) photographic lighting, and (4) an auxiliary liquid
accumulator. The experimental t_t tank was constructed from a
cylindrical section of Plexiglas _*_. At one end of the cylinder,
an aluminum "forward" dome was attached; at the other end of the
cylinder, an aluminum "aft" end plate was attached. "The tank is
divided into forward and aft compartments by an internal
Plexiglas bulkhead. The three gallery legs in the forward com-
partment... [were made] of Plexiglas to allow visual (movie)
evaluation of passive gallery fill. Each gallery leg... [had] a
flat, stainless steel screen surface along its outer face
(adjacent to the tank wall) and a vent screen inside the forward
vent baffle assembly. The internal bulkhead assembly...
[contained] a tapered Plexiglas vent stack to provide an exit
passage for entrapped gas during passive fill of the aft trap
compartment. The vent stack... [was covered] by two perforated
plate discs at its forward end." (4, p. 88) The gallery leg
dimensions, screen sizes, etc. are presented in Reference (4).
The tank operating sequence was also presented in Reference (4).
"The tank will be launched with a partial liquid load (Freon 113
[dyed blue for photographic purposes]) in the forward compartment
and a nearly empty aft compartment. During the zero-g interval
following main engine cutoff, the three gallery legs will fill by
capillary pumping. The baffle assembly at the forward end of the
tank keeps the gallery vent screens dry until the gallery fill
process is complete ....
"After the first Orbital Maneuvering Subsystem (OMS) burn, addi-
tional Freon 113 will be injected into the tank forward compart-
ment from an auxiliary positive displacement accumulator in
preparation for the trap filling experiment .... The trap filling
experiment will be performed during the second OMS engine firing.
The transfer valve at the tank outlet will be signaled open to
allow liquid flow from the forward to aft compartment. During
the burn, gas inside the aft compartment will be expelled through
the vent stack perforated plates by the hydrostatic pressure im-
posed across the entrapped gas bubble, allowing the aft compart-
ment to fill. The aft compartment fill rate is retarded by liq-
uid flow pressure losses through the transfer line and valve and
by gas flow pressure losses through the vent stack perforated
plates." (4, p. 92)
<Note: The _ader is referred to Reference (4) for figures of
the Plexiglas _*_ tank configuration and the pictorial illustration
of the expected fluid configuration during the experiment.>
12-253
<Note: Although the above experiment summary was written based on
information contained within a document published prior to the
STS-017 launch (Reference (4)), Co-Investigator G. Orton verified
that the information related in this document was correct for the
actual payload configuration.>
It appears that the experiment was to be activated when the noise
of the shuttle lift-off was recognized by acoustic sensors on the
payload. However, while G-074 was being stored (prior to shuttle
lift-off) in a building of Kennedy Space Center, a Delta rocket
was launched. Reportedly, the noise associated with the Delta
launch prematurely activated the experiment. Thus, the experi-
ment was unexpectedly performed on the ground and not during the
shuttle launch. Subsequent low-g flight tests onboard the NASA
KC-135 aircraft based at Ellington Field, Texas, demonstrated
successful operation of the experiment.
Key Words: Fluid Physics, Contained Fluids, Partially Filled Con-
tainers, Propellant Tanks, Propellant Transfer, Refueling in Or-
bit, Fluid Management, Liquid Reservoir, Liquid Transfer, Gas-
Free Liquid Expulsion, Surface Tension, Hydrostatic Pressure,
Capillary Flow, Capillary Forces, Baffles, Liquid/Vapor Inter-
face, Solid/Liquid Interface, Acceleration Effects, Launch-
Induced Fluid Motion, Illumination System, Bubbles, Engine Re-
Start, Sample Not Processed As Planned
N%mLber of Samples: one experiment setup
Sample Materials: Freon 113 (dyed blue for photographic purposes)
Container M_rials: The experimental test tank was constructed
of Plexig'las _'_ with aluminum endcaps.
Experiment/Material Applications:
This research is applicable to future propellant tank design and,
in particular, to more versatile, lower costing surface tension
propellant acquisition approaches.
References/Applicable Publicatlons:
(i) Cargo Systems Manual: GAS Annex for STS 41-G, JSC-17645 41-G,
September 4, 1984. (preflight; short description)
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(2) NASA Press Kit, STS-13, p. 24. (preflight)
(3) Shuttle Payload Creates Space Sculpture, AW&ST, October 15,
1984. (very short description)
(4) Orton, G. F.: Experiment G-074 -- Off-Load Capability for a
Full-Tank Propellant Acquisition System Put in Space. In NASA
Goddard Space Flight Center's Get Away Special Experiment Sym-
posium, August 1-2, 1984, pp. 87-94, NASA CP-2324. (preflight)
(5) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report # EAC-TR-
RWR 87-11, October 2, 1987. (Get Away Special canister mission
history)
(6) Input received from Co-Investigator G. Orton, August 1993.
contact(s):
Mr. George Orton
McDonnell Douglas Astronautics Company
Box 516
St. Louis, MO 63166
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Principal Investigator(s): Tegart, J. (i)
Co-Investigator(s): None
Affiliation(s): (1) Martin Marietta Astronautics,
Colorado
Denver,
Experiment Origin: USA
Mission: STS Launch #15, STS-020 (STS 51-C, Discovery)
Launch Date/Expt Date: January 1985
Launched From_ NASA Kennedy Space Center, Florida
Payload Type: STS Middeck Experiment, Joint Venture
Processing Facility: Storable Fluid Management Demonstration
(S D)
Builder of Processing Facility: Martin Marietta Astronautics,
Denver, Colorado
Experiment:
Storable Fluid Manaqement Demonstration (SFMD)
Continued operation of spacecraft (e.g., space station) will
require periodic, on-orbit re-supply of propellants. Elimination
of the need to return spacecraft to Earth for re-supply, followed
by spacecraft re-launch, will result in significant cost savings.
However, on-orbit re-supply of propellants presents problems
which are not encountered on Earth. For example, several
gravity-independent fluid phenomena will become dominant in the
low-g fluid transfer (e.g., wetting and capillary forces).
The objectives of this STS-020 experiment were to (i) demonstrate
the refilling of a tank under low-gravity conditions, (2)
demonstrate the expulsion of a tank by a surface tension device,
(3) measure the expulsion efficiency, and (4) investigate static
and dynamic fluid behavior during orbiter reaction control
maneuvers.
A subscale, transparent supply tank and receiver tank were used
for the demonstration. The tanks were located in the middeck of
the orbiter and mounted to NASA-provided adapter plates. The
tanks were configured in a space normally occupied by four mid-
deck storage lockers. The receiver tank (12.5 inches in
diameter) was located in the upper module of the experiment
device. "A [multi-compartmented] surface tension type propellant
acquisition device that provided gas-free liquid expulsion and
control of liquid motion, was installed in the [receiver] tank.
This surface tension device is representative of the devices cur-
rently being built for spacecraft that will require on-orbit
resupply." (i, p. i) (Details of the surface tension device, tank
construction, pressurization system, and plumbing can be located
in Reference (i).) The supply tank, located in the lower module,
contained (i) water with various additives and (2) an elastomeric
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diaphragm for expulsion and refill. A cylinder mounted on the
front of the lower module allowed measurement of residual fluid
after expulsion of the receiver tank. The amount of fluid was
determined by recording the position of a piston located in the
cylinder.
"A test began with the receiver tank empty, the supply tank com-
pletely full, the cylinder partially filled, and the position of
the piston in the cylinder was noted. Following filling and ex-
pulsion of the receiver tank, the change in the piston position
indicated how much liquid was left in the receiver tank." (I, p.
2) The receiver tank was evacuated to remove all non-condensable
gasses. This left a vapor behind which condensed as the pressure
increased. One test was performed without evacuation with the
tank partially filled.
A total of nine tests were performed over a period of 2 days (8
hours per day). Data collection consisted of (i) a video tape of
the receiver tank with comments from the astronaut, (2) still
photos at selected times, (3) notes of the test procedures, (4)
gage readings, and (5) acceleration measurements using a self-
contained data recording system.
Post-flight analysis of the available data indicated that
"Successful filling of the receiver tank and the multi-
compartmented surface tension device was demonstrated in every
test. Following the fill, the surface tension device was always
able to resume gas-free expulsion of the liquid. After all tests
were completed only a few small gas bubbles could be observed in
the supply tank, indicating that expulsion was predominantly gas-
free throughout all the tests." (i, p. 4)
Tests concerning the expulsion of the fluid demonstrated that the
surface tension device was capable of expelling the fluid from
the receiver tank with only small residuals. This was shown over
various ranges of flow rate and with both pulsed and steady flow.
Gas-free flow was observed in a sight flow indicator in the out-
let line. Expulsion efficiency was observed to be 93% to 94%
compared to the predicted 92%. The increase in measured perfor-
mance was attributed to "...some emptying of the internal volume
of the channels (all of which was predicted to be residual) and
better draining of the liquid surrounding the device." (i, p. 5)
Experiments were performed to measure liquid response to orbiter
maneuvers. It was reported that the a_bient acceleration was 2 x
i0 -_ g with frequent peaks of 5 x %0 -_ g. The vernier thrusters
produced accelerations of 1 x i0_-_ g and the primary thrusters
produced accelerations of 1 x I0- g. Lateral accelerations ap-
plied at liquid levels within the compartmented section caused
displacement of bubbles inside the compartments, with no liquid
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flow through the barriers.
The motion was highly damped. Bubbles in the lower dome of the
tank became distorted when the larger magnitude acceleration was
applied, but then resumed their spherical shape and slowly
drifted about. The rotational yaw maneuver caused a slow drift-
ing of the bubbles in the lower dome, with centripetal force
positioning the liquid." (i, p. 5)
It was concluded that the Storable Fluid Management Demonstration
was successful. The filling tests demonstrated that a tank con-
taining a complex surface tension device can be refilled. The
expulsion tests confirmed the modeling methods for the operation
of the device and the behavior of the liquid.
The experiment was reflown on STS-53 and STS-57 (under the name
FARE 1 and FARE 2) with different tank and surface tension device
configurations. <Note: Details of these two later experiments is
beyond the scope of this technical memorandum (TM). This infor-
mation will be reported in later versions of this TM.>
Key Words: Fluid Physics, Propellant Transfer, Refueling in Or-
bit, Orbital Tankers, Liquid Transfer, Fluid Management, Con-
tained Fluids, Partially Filled Containers, Transparent Liquids,
Flow Rates, Baffles, Free Surface, Solid/Liquid Interface,
Liquid/Vapor Interface, Interface Shapes, Gas Ingestion, Gas-Free
Liquid Expulsion, Bubble Removal, Liquid Reservoir, Wetting, Wet-
ting of Container, Capillary Forces, Surface Tension, Bubbles,
Acceleration Effects, Acceleration Measurements, Sloshing, Fluid
Motion Damping, Liquid Dynamic Response, Condensation, Piston
System, Vacuum
Number of Samples: one demonstration unit
Sample Materials: Water with additives including: (i) Triton X-
100 (a wetting agent), (2) Dow Corning FC-IO (an antifoam
ingredient), (3) iodide (an antibacteria agent), and (4) blue
food coloring (for observation purposes)
Container Materials: Tank: acrylic plastic (PlexiglasTM); screen:
stainless steel
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Experlment/Material Applications:
Water was selected as the test fluid for safety considerations.
Triton X-100 was added to the water as a wetting agent (because
water does not wet surfaces well while propellants do). The Dow
Corning FG-19 anti-foam agent was added to reduce foaming
properties of the wetting agent. Iodine was added to prevent bac-
terial growth, and blue coloring was added to enhance visibility.
References/Applicable Publications:
(1) Tegart, J. and Kirkland, Z.: On Orbit Propellant Resupply
Demonstration - Flight Results. AIAA/SAE/ASME/ASEE 21st Joint
Propulsion Conference, July 8-10, 1985, Monterey, California,
5pp., AIAA Paper #85-1233. (post-flight)
(2) Kirkland, Z. and Tegart, J.: On-Orbit Propellant Resupply
Demonstration. In AIAA/SAE/ASME 20th Joint Propulsion Con-
ference, June 11-13, 1984, Cincinnati, OH, AIAA Paper 84-1342.
(preflight)
(3) Tegart, J.: Storable Fluid Management Demonstration-Flight I.
Project D-02R, Low G Fluid Behavior and Control, Progress Report,
December 1985, Martin Marietta, R85-48602-001. (limited public
distribution, available from author)
(4) Input received from Experiment Investigator, September 1988
and August 1993.
(5) Hill, M. E. and O'Malley, T. F.: A Summary of Existing and
Planned Experiment Hardware for Low-Gravity Fluids Research.
AIAA 29th Aerospace Sciences Meeting, Reno, Nevada, January 7-10,
1991, pp. 14-15, (also NASA TM-I03706). (post-flight)
(6) Tegart, J.: Shuttle Middeck Fluid Transfer Experiment-Lessons
Learned. In Microgravity Fluid Management Symposium, NASA CP-
2465, proceedings of a symposium held at NASA Lewis Research Cen-
ter, Cleveland, Ohio, September 9-10, 1986, pp. 217-224. (post-
flight)
Contact(s):
James Tegart
Martin Marietta Aerospace
P.O. Box 179 Mail $8076
Denver, CO 80201
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Principal Investigator(s): Hart, J. E. (1)
Co-Investlgator(s): Toomre, J. (2), Gilman, P. (3), Fichtl, G. H.
(4), Leslie, F. (5), Fowlis, W. (6)
Affiliatlon(s}: (1) Department of Astrophysical, Planetary and
Atmospheric Sciences, University of Colorado, Boulder, Colorado;
(2) University of Colorado, Boulder, Colorado; (3) National Cen-
ter for Atmospheric Research, Boulder, Colorado; (4,5) National
Aeronautics and Space Administration (NASA), Marshall Space
Flight Center (MSFC), Huntsville, Alabama; (6) During STS-024:
NASA Marshall Space Flight Center (MSFC), Huntsville, Alabama,
Currently: Deceased
Experiment Origin: USA
Mission: STS Launch #17, STS-024 (STS 51-B,
Challenger)
Launch Date/Expt. Date: April 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Spacelab Rack
Processing Facility: Geophysical Fluid Flow Cell (GFFC)
Builder of Processing Facility: Aerojet, Azusa, California
Spacelab 3:
Experiment:
Geophysical Fluid Flow Cell (GFFC)
Large-scale atmospheric motions on rotating planets and stars are
influenced by both buoyancy and Coriolis forces. On a spherical
surface the Coriolis force varies with latitude, and this varia-
tion is thought to be a fundamental influence on a wide range of
phenomena of interest to geophysicists and astrophysicists.
These phenomena include cloud-band orientation in planetary at-
mospheres, differential rotation in the solar atmosphere, the
formation of jet-streams, and magnetic dynamo action. Except for
flows that are homogeneous, so that buoyancy driven motions are
absent, it has been impossible to properly model even the
simplest global motions in the terrestrial laboratory. When the
rotation vector is inclined to Earth's gravity g an oscillatory
body force results that has no geophysical analog. Therefore,
previous laboratory experiments on global circulations have been
confined either to: (i) studies of convection near the poles
where the rotation vector and g are nearly parallel and the
geometry is effectively flat, or (2) studies of motions close to
the equator where the rotation vector and g are nearly perpen-
dicular, with the effects of gravity being simulated by
centrifugal buoyancy forces associated with very rapid rotation.
The specific objective of this Spacelab 3 experiment was to study
the interaction of rotation and convection similar to that which
occurs in the atmosphere of a rotating planet like Earth or
Jupiter.
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A radially directed electrostatic "gravitational" field, which
varied from parallel at the poles to perpendicular at the
equator, was made possible in reduced gravity by applying an al-
ternating high voltage across the inner and outer boundaries of a
hemispherical shell filled with dielectric silicone oil. A sys-
tem of computer-controlled heater coils and thermistor sensors
maintained radial and latitudinal temperature gradients on the
shell. As the shell rotated, these gradients generated
thermally-driven circulations. The convective flow fields in the
hemisphere were visualized via Schlieren and shadowgraph photog-
raphy.
Reportedly, "A variety of [thermal] convective structures, or
planforms, were observed, depending on the magnitude of the rota-
tion and the nature of the imposed heating distribution." (5, p.
31) For example, when rotation was the dominating parameter,
north-south oriented columnar convection was observed. "As the
differential heating is increased these rolls interact with the
mid-latitude waves, ultimately being destroyed by turbulent,
horizontally-isotropic convection that moves down from the pole.
When a large equator to pole temperature difference is imposed on
the boundaries, spiral waves develop on top of a strong
meridional circulation." (i, p. 519)
Experimental results were compared to numerical simulations.
Reportedly, "The results are in agreement with numerical simula-
tions that can be conducted at modest parameter values, and sug-
gest possible regimes of motion in rotating planets and stars."
(5, p. 31)
A more lengthy discussion of the experimental results and numeri-
cal simulations can be found in each of the references listed
below.
Key Words: Fluid Physics, Contained Fluids, Spinning Containers,
Rotating Atmospheres, Planet Rotation, Rotating Fluids,
Transparent Liquids, Heat Transfer, Buoyancy-Driven Convection,
Turbulent Flow, Coriolis Forces, Thermal Gradient, Thermal Con-
vection, Electric Field, Atmospheric Applications, Shells,
Schlieren Viewing
Number of Samples: one hemispherical shell
Sample Materials: silicone oil (0.65 centistoke viscosity)
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Container Materials: inner shell fabricated from polished nickel;
outer shell fabricated from transparent sapphire (approximately 1
cm thick)
Experiment/Material Applications:
Simulation of planetary atmospheres is achieved by producing
rotating, spherical convective flows with effectively radial
gravity fields induced by dielectric polarization forces.
References/Applicable Publications:
(1) Hart, J. E., Glatzmaier, G. A., and Toomre, J.: Space-
Laboratory and Numerical Simulations of Thermal Convection in a
Rotating Hemispherical Shell with Radial Gravity. Journal of
Fluid Mechanics, Vol. 173, 1986, pp. 519-544. (post-flight
results)
(2) Hart, J. E., and Toomre, J.: Geophysical Fluid Dynamics with
Dielectric Polarization Forces., Rep. 2, NASA Contract NAS-8-
31958, 1977, 66 pp.
(3) Hart, J. E., Toomre, J., Deane, A. E., Hurlburt, N. E.,
Glatzmaier, G. A., Fichtl, G. H., Leslie, F., Fowlis, W. W., and
Gilman, P. A.: Laboratory Experiments on Planetary and Stellar
Convection Performed on Spacelab 3. Science, Vol. 234, October
1986.
(4) Leslie, F. W.: Geophysical Fluid Flow Experiment. In Re-
search and Technology 1987, Annual Report of the Marshall Space
Flight Center, NASA, pp. 62-63. (short description)
(5) Hart, J. E., Toomre, J., Deane, A. E., Hurlburt, N. E.,
Glatzmaier, G. A., Fichtl, G. H., Leslie, F., Fowlis, W. W., and
Gilman, P. A. : Laboratory Model of Planetary and Stellar Convec-
tion. Spacelab 3 Mission Science Review. Proceedings of a sym-
posium held at NASA George C. Marshall Space Flight Center,
Alabama, December 4, 1985, NASA CP-2429, pp. 31-41. (See also
p. 5 for short summary) (post-flight)
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Contact(s):
Dr. John E. Hart
Department of Astrophysical
Planetary and Atmospheric Sciences
Campus Box 391
University of Colorado
Boulder, CO 80309
Dr. Fred Leslie
ES71
NASA Marshall Space Flight Center, AL 35812
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yPrlncipal Investlgator(s): Messerchmitt-Boelkow-Blohm (MBB/ERNO)
(i)
Co-Investlgator(s}: Unknown, possibly: Gilbert, C. R. (2), Net-
ter, G. (3), Vits, P. (4), Eckhardt, K. (5), Hoffman, H. (6),
Sandermeier, P. (7), Shiflett, L. (Technical Manager) (8)
Affiliation(s):
(i) Bremen, Germany; (2-7) MBB/ERNO, Bremen, Germany; (8) Na-
tional Aeronautics and Space Administration (NASA), Goddard Space
Flight Center, Greenbelt, Maryland
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #18, STS-025 (STS 51-G, Discovery)
Launch Date/Expt. Date: June 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Commercial version of the West German Get Away Spe-
cial (GAS) MAUS Canister; NASA Getaway Special (GAS) Canister
Designation G-025: Alternate Designation EMTE 1
Volume of Canister: 5.0 cubic feet
Location of Canister: STS Payload Bay (attached to the Payload
Support System (PASS). "PASS is a standardized structure, power
supply and data processing unit available commercially to GAS
Users." (2, p. 39)
Primary Developer/Sponsor of G-025: MBB/ERNO, Bremen, Germany
Processing Facility: A hemispherical tank filled with fluid and
subjected to acceleration inputs.
Builder of Processing Faaility: Unknown, possibly: Messerschmitt
Boelkow-Blohm (MBB-ERNO), Bremen, Germany
Experiment:
Liquid Sloshinq: Dynamic Behavior of Liquid Propellants
When spacecraft attitude control motors are fired, both (i) the
vehicle and (2) liquid propellant held within the fuel storage
tank, accelerate. The dynamic response of the fluid in the tanks
coupled with the tank design determines the distribution of the
fluid within the container. The storage tanks are often designed
to use the surface tension of the stored liquid to move or main-
tain the liquid at the appropriate position within the tank.
Propellant must be adequately positioned within the tank for
several reasons including (i) motor fuel intake and (2) vehicle
stabilization.
The objectives of this STS Get Away Special (GAS) canister ex-
periment included (1) determining the low-gravity, dynamic be-
havior of a partially filled hemispherical tank via experimental
methods, (2) correlating the experimentally-obtained data to
mathematical models designed to describe similar dynamic be-
havior, and (3) evaluating the outflow of the liquid in the test
tank through a tube and solenoid-valve and into an evacuated
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aluminum chamber, (particularly investigating "...the orientation
and stabilization of the fluid (propellant) under the influence
of a propellant management device (PMD) especially with respect
to outflow cases.") (4, p. 166)
<Note: A specific description of the PMD was not presented in any
of the available references.>
"Specific aims [of the experiment] were:
o definition of all significant natural frequencies and damping
of the fluid in the low frequency range of 6 Hz;
o determination of the generalized propellant mass,
facilitate the necessary analysis assumptions;
to
o determination of sloshing forces and the pressure distribution
in the fluid and tank;
o observation of the dynamic behavior of the propellant under
quasi zero-gravity conditions;
o observation of the fluid orientation stability effect, includ-
ing the shape of flow during critical operation phases." (4, p.
167-168)
The experimental apparatus was designed to simulate fluid slosh-
ing within a partially-filled satellite liquid propellant tank.
A transparent, hemispherical tank contained the test liquid.
Details of the tank design were not presented in any document
published after the experiment was actually performed. Two docu-
ments published prior to the shuttle flight (Reference (2) and
Reference (9)) detailed the expected experiment setup. It is
clear, however, that the overall experiment design was changed
somewhat from the preliminary description provided in the
references. For example, the earlier system (i) was to be ex-
cited up to i0 Hz (whereas the actual experiment was excited up
to 6 Hz) and (2) was to perform four different experiment phases
(whereas the actual experiment performed five different phases).
Because there is no other source available which describes the
setup, the preliminary design concept is summarized here.
"A hemispherical plexiglas tank is suspended in a rocking
mechanism such that purely linear, nearly frictionless oscilla-
tion can be induced within a limited displacement range. A step-
ping motor is connected to the tank rocking mechanism by means of
a variable stiffness coupling (with a spring). Pressure sensors,
force sensors, temperature sensors and accelerometers are located
at selected positions on the experiment assembly: certain phases
of the experiment will be recorded with a high speed camera.
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"The mechanical assembly is locked down during launch, landing
and during non-operational periods in orbit. During operation
the stepping motor is driven according to a pre-determined
program and generates a variety of known excitation profiles com-
prising shock waves of different forms and sinusoidal sweeps from
0,2 to i0 Hz. The coupling stiffness will be switched in accord-
ance with the experiment run program. In addition, the amount of
liquid in the tank can be varied by transferring a portion of it
to an evacuated container. The system decay dynamics will be in-
vestigated over a range of different natural frequencies." (2, p.
41)
Additional details concerning the drive train, transmission cou-
pling system, and tank support assembly can be reviewed in
Reference (2) on pages 42-43.
"Besides the hemispherical test tank, initially 50% filled with
fluid, a second evacuated aluminum container is provided, con-
nected to the test tank by a tube and solenoid valve. Outflow of
propellant from the test tank will be simulated by opening the
valve at specific times." (2, p. 43)
"The major portion of the active operations is assigned to data
production by transducers and sensors. The time allowed for
filming is very limited, because the high speed used rapidly con-
sumes the film magazine; hence only critical fluid phases are
filmed where sensor data cannot provide an adequate picture of
the fluids behavior." (2, p. 48)
Reportedly, one of the critical fluid phases to be filmed was
"...the influence of the PMD in assuring correct fluid orienta-
tion and stability, and the response of the fluid to simulated
thruster propellant demand. A source of diffuse light is
provided for illumination of the fluid." (2, p. 44)
A discussion of the four expected phases of the experiment was
provided: "In phase 1 of the experiment.., the mechanical hold-
down locks will be released, thus freeing the moving assemblies.
The propellant tank receives an impulse to settle (pre-orientate)
the liquid propellant. A short time will be allowed for the sys-
tem to return to test [probably should be rest] and then an addi-
tional period allowed for the liquid to stabilize itself. The
liquid behavior during the impulse and decay period will be re-
corded on film ....
"Phase 2
In this phase the propellant tank is subjected to a variety of
sinusoidal oscillations. Overall, the vibrations will sweep the
frequency range 0.2 Hz to i0 Hz in three intervals: 0.2 Hz to 1
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Hz in 20 incremental steps; 1 Hz to 5 Hz in 40 steps; 5 Hz to i0
Hz in 50 steps. The amplitude of the oscillations will be small.
This procedure will be repeated six times with different
amplitude settings and different spring tension settings on the
rocker assemblies ....
"Phase 3
The experiment run continues with the generation of shock waves
(pulses). Following the input of a pulse to the propellant tank,
the drive train will be disconnected and the moving mass allowed
to decay naturally. A stabilization period enables the liquid in
the tank to take up its natural configuration.
"This procedure is carried out nine times with various settings
for pulse duration, amplitude and spring stiffness settings, fol-
lowing which all the steps are executed once again. A single
pulse input is followed by a decay period of i0 seconds, during
which data is generated and a stabilization period of 5 minutes.
"Phase 4
Phase 4 begins with a propellant expulsion operation, in which
the tank is emptied to the 30% fill level. The liquid is trans-
ferred to an evacuated container, the flow being limited by a
solenoid valve. For this operation the camera is switched on to
provide visual data of propellant management characteristics un-
der fuel demand conditions. This phase continues with a repeti-
tion of the pulsed excitation program carried out in phase 3,
following which the propellant tank is emptied completely. This
operation will also be filmed. The dynamic characteristics of
the empty tank system are then further investigated with a set of
shock inputs .... (2, pp. 48-49)
Reference (9) (which was written prior to Reference (2))
presented a more detailed description of the expected design of
the test tank. The reader is again reminded that the final ex-
periment configuration may have differed considerably from this
description.
The test tank "...is built out of a circular glass cylinder of I0
cm diameter and a length of l0 cm. The glass cylinder is closed
on [the] bottom and top sides by aluminum plate .... " (9, p. 566)
A detailed description of the tank surface coatings and the role
of these coatings was also presented in the reference.
It was reported that the test fluid was to be Methylenbromid.
Its "good surface properties" were detailed in Reference (9).
Please refer to Reference (9) for a detailed description of the
expected measurement system.
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<Note: This ends the summary of the expected experiment setup.
The information which follows describes the actual experiment
during the flight and actual post-flight analysis.>
During the low-gravity shuttle mission, the tank was
"...subjected to oscillatory disturbances corresponding to inputs
used for theoretical simulation and analysis." (4, p. 166)
Each of the five experimental phases had a specific operating
mode and objective. It appears (from Reference (4)) that prior
to the start of any of these phases the tank had to be in a state
of stationary equilibrium. Therefore, time slots (time that the
experiment was most likely operationally inactive) were
programmed into the experiment sequence to allow for the fluid
stabilization. During the over 3 hours the experiment ran, 40%
of this time was dedicated to this fluid stabilization.
Transducers and sensors documented the majority of the fluid be-
havior. Critical phases of the fluid dynamics were captured
photographically. (The amount of photographic data was limited
because "...the high speed employed rapidly used up the film."
(4, p. 173)
At the time Reference (4) was written, extensive post-flight
analysis of the transducer, sensor, and photographic data was not
complete. However, preliminary analysis indicated that the
"experiment functioned perfectly." Further, "In principal, the
underlying mathematical models developed by MBB/ERNO for the
design of surface tension tanks have been supported by the ex-
periment results, and the validity of current product design fea-
tures has been confirmed. The results will provide additional
insight into the effect of fluid sloshing on spacecraft attitude
control systems." (4, p. 173)
<Note: Reference (3), which only very briefly mentions this ex-
periment, reported that "This ERNO experiment has been flown on
two previous shuttle missions to analyze the behavior of liquid
propellants in satellite tanks." However, no further information
concerning these other experiments could be located. Further,
none of the other publications that described this STS-025 ex-
periment made any mention of the previous experiments. It may be
worthy to note that MBB/ERNO was a sponsor/developer of several
experiments in GAS or GAS-type payloads prior to this shuttle
mission (see G-026, DG-205I, DG-205II, DG-315, DG-206A, DG-306,
DG-200A, and DG-318). However, none of these earlier experiments
were related to this experiment.>
<Note: Many of the references listed below were not available
when this experiment summary was prepared.>
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Key Words: Fluid Physics, Contained Fluids, Partially Filled Con-
tainers, Propellant Tanks, Liquid Reservoir, Propellant Transfer,
Liquid Transfer, Fluid Management, Acceleration Effects, Ac-
celeration Measurement, Liquid Dynamic Response, Fluid Motion
Damping, Liquid Stability, Sloshing, Meniscus Vibration, Meniscus
Stability, Fluid Oscillation, Oscillation Frequency, Oscillation
Amplitude, Surface Tension, Free Surface Shape, Coated Surfaces,
Solid/Liquid Interface, Liquid/Gas Interface, Engine Re-Start,
Illumination System
Number of Samples: one experiment tank
Sample Materials: The fluid used during the actual STS experi-
ment was not specified. However, a reference published prior to
the shuttle launch indicated that Methylenbromid was to be used.
The properties of this fluid are listed in Reference (9).
Container Materials: Unknown, possibly glass with aluminum
endplates.
Experiment/Material Applications:
"The results [of this research] will validate and refine mathe-
matical models describing the dynamic characteristics of tank-
fluid systems. This will in turn support the development of fu-
ture spacecraft tanks, in particular the design of propellant
management devices for surface tension tanks." (4, p. 165)
References/Appllcable Publications:
(I) Cargo Systems Manual: GAS Annex for STS 51-G, JSC-17645 51-G,
Rev. A, March 20, 1985. (short description, preflight)
(2) Gilbert, C. R., Netter, G., and Vits, P.: Study of Liquid
Sloshing Behavior in Microgravity. In Goddard Space Flight
Center's 1984 Get Away Special Experimenter's Symposium, Post
Symposium Proceedings (Addendum), 1984, pp. 38-54. (preflight)
(3) Kolcum, E. H.: Fuel Contaminant Threatens Delay in Shuttle
Launch. AW&ST, June 17, 1985. (preflight).
(4) Gilbert, C. R.: GAS Payload No. G-025: Study of Liquid
Sloshing Behavior in Microgravity. In NASA Goddard Space Flight
Center's 1985 Get Away Special Experimenter's Symposium, October
8-9, 1985, pp. 165-176, NASA CP-2401. (post-flight)
(5) STS 51-G Press Kit, NASA Press Release 85-83, June 1985, p.
19. (Preflight)
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(6) Get Away Special... the first ten years. Published by God-
dard Space Flight Center, Special Payloads Division, The NASA Gas
Team, 1989, p. 28. (post-flight, very brief description)
(7) Netter, G. and Beig, H. G.: Preliminary Results From the EMTE
Fuel Slosh Flight Experiment-STS-16. In ESA Proceedings of an
International Symposium on Fluid Dynamics and Space, pp. 145-157.
(8) Netter, G. and Eckhardt, K.: Fluid Dynamic Experiment in a
Surface Tension Tank: Phase 1/Phase 2A. Final Report, June 1981.
MBB/ERNO, Report #BMFT-FB-W-83-002. (in German, English summary)
(9) Eckhardt, K. and Netter, G.: Experiment for Investigation of
the Dynamic Behavior of Fluid in a Surface Tension Tank Under
Microgravity Condition. Acta Astronautica, 1982, pp. 565-571.
(preflight)
(i0) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
TWT 87-11, October 2, 1987. (Get Away Special Canister mission
history)
Contaot(s):
Dr. P. Vits, H. Hoffman, P. Sandermeier
C. R. Gilbert, G. Netter, or K. Eckhardt
ERNO Raumfahrttechnick GmbH
H_nefeldstrasse 1-5
Postfach i0 5909
2800 Bremen 1
Germany
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Principal Investigator(s): Fazio, G. G. (I)
Co-Investigator(s): Hoffmann, W. (2), Low, F. (3), Rieke, G. (4),
Urban, E. (5), Melnick, G. J. (6), Koch, D. G. (7), Young, E. T.
(8), Gautier, T. N. (9)
Affiliation(s): (1,6,7) Smithsonian Astrophysical Observatory,
Cambridge, Massachusetts; (2,3,4,8) Steward Observatory, Univer-
sity of Arizona, Tucson, Arizona; (5) National Aeronautics and
Space Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama; (9) Image Processing and Analysis Center,
California Institute of Technology, Pasadena, California
Experiment Origin: USA
Mission: STS Launch #19, STS-026 (STS 51-F, Spacelab 2:
Challenger)
Launch Date/Expt. Date: July 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Payload Bay
Processing Facility: Dewar system of the small helium-cooled In-
frared Telescope (IRT)
Builder of Processing Facility: NASA Marshall Space Flight Cen-
ter, Huntsville, Alabama
Experiment:
Small Helium-Cooled Infrared Telescope (IRT)
This Spacelab 2 experiment was a multidisciplinary study involv-
ing several scientific and technical goals. Several of the
scientific objectives involved measurement and mapping of various
diffuse and discrete infrared sources from celestial bodies using
a cryogenically cooled telescope and its infrared detectors.
Other technological objectives included (i) evaluating the space
shuttle as a platform for infrared telescopes and (2) evaluating
the performance of a newly designed, large superfluid helium
dewar system used for cooling the telescope. The following ex-
periment summary reports on the fluids related aspects of the
experiment: the performance of the cooling system.
Reportedly, "An infrared telescope must be cooled to keep its own
thermal infrared radiation from overwhelming the radiation from
celestial sources it seeks to measure. The cryogenic system for
cooling this telescope consists of a 250-1iter (65-gallon) super-
fluid helium dewar. A porous plug is used to restrain the liquid
helium and allow the flow of gaseous helium to cool the tele-
scope." (Ii, p. 33)
The Spacelab 2 Infrared Telescope (IRT) was mounted on a pallet
in the shuttle cargo bay (see Reference (5) for telescope
description). The cooling system was evaluated by performing
controlled tests of its behavior during the final day of the
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Spacelab 2 mission. Since the mission was extended an extra day,
testing of the helium superfluid storage and flow components
lasted about 35 hours.
"The measurements of interest were the functioning of the porous
plug phase separator and its relationship to the superfluid bath.
Porous plugs employ the thermomechanical or fountain effect, a
quantum mechanical phenomenon existing only with superfluid
helium, to hold liquid helium within a dewar and permit only
vapor to vent. The characteristics to be determined were: (i)
whether liquid would flow uncontrollably from the dewar if vent-
ing was temporarily stopped or when venting was restarted; (2)
whether the helium bath could be warmed until it passed from the
superfluid phase into the normal phase, and then recooled to su-
perfluidity in a controlled manner when venting was restarted;
and (3) whether heat deliberately applied to the vent side of the
porous plug could reverse the fountain effect and draw more
helium through the plug." (2, p. 6)
Reportedly, "The IRT vent valves were closed a number of times
for various periods; no fluid flow through the plug was detected
and venting resumed smoothly when the valves were reopened. On
three occasions the superfluid bath was allowed to warm above the
[lambda]-point into the normal phase (temperature >2.17K); each
time when the vent valves were reopened the bath recooled in a
controlled manner. Operation of a small heater on the vent side
of the porous plug did not enhance fluid flow through the plug,
but instead, forced the liquid helium back through the plug and
reduced the flow. This latter result is contrary to the
laboratory experience of researchers developing fountain effect
pumps for the transfer of liquid helium in space, and must be
further studied." (2, p. 6)
<Note: Not all of the publications listed below were available at
the time this experiment summary was prepared.>
Key Words: Fluid Physics, Superfluids, Cryogens, Contained
Fluids, Partially Filled Containers, Fountain Effect, Liquid
Transfer, Heat Transfer, Thermal Control, Liquid/Vapor Interface,
Solid/Liquid Interface, Two-Phase System, Phase Transition,
Porous Plug, Flow Rates, Ventilation, Separation of Components,
Infrared Telescope
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Number of Samples: one cooling system
Sample Materials: Cooling fluid: superfluid helium
(He*)
Container Materials: aluminum
(AI*)
Experiment/Material Applications:
see Experiment section (above).
Referenoes/Applicable Publications:
(1) Spacelab-2 Infrared Telescope (IRT) Ninety Day science
Report. In Spacelab 2 90 Day Post Mission Science Report, Ed.,
Eugene W. Urban, NASA Marshall Space Flight Center, November 14-
15, 1985, 12 pp. (post-flight)
(2) Koch, D. G., Melnick, G. J., Fazio, G. G., Rieke, G. H., Low,
F. J., Hoffmann, W., Young, E. T., Urban, E. W., Simpson, J. P.,
witteborn, F. C., Gautier, T. N., III, and Poteet, W.: Overview
of Measurements from the Infrared Telescope on Spacelab-2.
Astrophysical Letters and Communications, 27 (1988), p. 211.
(post-flight)
(3) Fazio, G. G.: A Small Helium Cooled Infrared Telescope. In
Spacelab Mission 2 Experiment Descriptions, NASA TM-78198, Edited
by K. Stuart Clifton, September 1978, pp. 15-18. (preflight)
(4) Karr, G. R., Hendricks, J. B., Urban, E. W., Katz, L., and
Ladner, D.: Cryogenic Sub-System Performance of the Infrared
Telescope for Spacelab 2. In Proceedings of the Eighth Interna-
tional cryogenic Engineering Conference, Geneva, June 3-6, 1980,
Edited by C. Rizzuto, pp. 38-42. (preflight)
(5) Urban, E. W., and Ladner, D. R.: Preliminary Flight Perfor-
mance of the Infrared Telescope on Spacelab 2. Presented at the
Helium Transfer in Space Workshop, Boulder, Colorado, August 20-
21, 1985, 5 pp. (post-flight)
(6) Urban, E. W., and Ladner, D. R.: Infrared Telescope (IRT)
System Cryogenic Performance. In SPIE Vol. 509, Cryogenic Opti-
cal Systems and Instruments, 1984, pp. 216-232. (preflight)
(7) Hendricks, J. B., Karr, G. R., Urban, E. W., and Ladner,
D. R.: The Infrared Telescope on Spacelab 2. Space Helium Dewar
Conference, Berlin, 1984, 6 pp. (preflight)
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(8) Urban, E. W., Katz, L., Hendricks, J. B., and Karr, G. R.: A
Cryogenic Helium II System for Spacelab. IPC Business Press,
1978, IPC Science and Technology Press, Ltd., Westbury House,
Bury Street, Guildford, Surrey GU2 5AW, England, pp. 113-119.
(preflight)
(9) Urban, E. W., Katz, L., and Watts, R.: Development and In-
tegration of the Infrared Telescope for Spacelab. ASME Publica-
tion 81-ENAs-16, Intersociety Conference on Environmental Sys-
tems, July 13-15, 1981, San Francisco, California, 8 pp.
(preflight)
(i0) Urban, E., Katz, L., Hendricks, J., and Karr, G.: Cryogenic
Helium II Systems for Space Applications. Proceedings of
Spacecraft and Thermal & Environmental Control Systems Symposium,
Munich, October 10-12, 1978, ESA SP-139, pp. 505-515.
(pre f i ight )
(ii) A Small Helium-Cooled Infrared Telescope (IRT). In Spacelab
2, NASA Marshall Space Flight Center, EP217, 20M385, for sale by
the Superintendent of Documents, U.S. Government Printing Office,
pp. 33-34. (preflight)
(12) Urban, E. W. and Ladner, D. R.: Operation of the Cryogenic
System of the Infrared Telescope on Spacelab 2. In Proc. llth
International Cryogenic Engineering Conference (ICEC II), p. 341,
1986.
(13) Koch, D., Fazio, G. G., Traub, W. A., Rieke, G. H., Gautier,
T. N., Hoffmann, W. F., Low, F. J., Poteet, W., Young, E. T., Ur-
ban, E. W., and Katz, L.: The Infrared Telescope on Spacelab 2.
Opt. Eng. 21 (1982), pp. 141-147. (preflight)
(14) Input received from Principal Investigator G. G. Fazio,
August 1993.
Contact(s):
Dr. G. G. Fazio
Smithsonian Astrophysical Observatory
60 Garden Street
Mail Stop 65
Cambridge, MA 02138
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Principal Investigator(s}: Mason, P. V. (i)
Co-Investigator(s} : Petrac, D. (2), Elleman, D. D. (3), Wang,
T. G. (4), Collins, D. J. (5), Chazanoff, S. (6), Cowgill, P. J.
(7), Gatewood, J. R. (8)
Affiliation(s) : (1-3,5-8) Jet Propulsion Laboratory (JPL) ,
Pasadena, California; (4) During STS 51-F: Jet Propulsion
Laboratory (JPL), Currently: Vanderbilt University, Nashville
Experiment Origin: USA
Mission: STS Launch #19, STS-026 (STS 51-F, Spacelab 2:
Challenger)
Launch Date/Expt. Date: July 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Payload Bay (on Spacelab pallet)
Processing Facility: Super Fluid Helium Experiment Package
(instrumented cryostat and support electronics package)
Builder of Processing Facility: Ball Aerospace <Note: The loca-
tion of the builder is unclear.>
Experiment:
Super Fluid Helium Experiment (SFHE)
Superfluid helium possesses several characteristics which make it
uniquely suited for cooling space-based instruments. Such instru-
ments include the Infrared Astronomical Satellite (IRAS) and the
Space Infrared Telescope Facility. Liquid helium 4 (He 4) and
its rare isotope, helium 3, remain liquid at absolute zero. At a
temperature of 2.17 K and a vapor pressure of 5.1 kiloPascals
(38.4 torr), He 4 undergoes a transformation to a superfluid
state. In this state, He 4 can transport large amounts of heat
at very small temperature differences. Heat is transported by
coherent wave motion rather than by diffusion. Its effective
thermal conductivity is several orders of magnitude higher than
any other material. The high thermal conductivity is maintained
in thin films and pores so small that a normal liquid would be
immobilized. The advantage of this property is that the thin
films, held to walls by van der Waals forces, are superfluid.
Therefore, the entire superfluid mass behaves as a single thermal
mass with a temperature difference of a few milli-Kelvins.
Under certain conditions, superfluid helium has zero effective
viscosity whereas the viscosity for bulk motions is not zero
(about I/i00 of water). "In space, the location of the bulk liq-
uid is determined by the weak surface tension forces, and as a
result, there will be large motions of the liquid in response to
small acceleration forces." (6, p. 5) Therefore, the natural
damping of these motions is limited and the resulting forces
(caused by the fluid movement) may disturb the instruments cooled
by the helium.
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Another unique characteristic of superfluid helium is known as
the fountain effect. "In small pores or thin films, the applica-
tion of a small temperature gradient along the pores sets up a
pressure differential in the opposite direction tending to push
the liquid to the warmer end. This fountain pressure is used in
zero gravity to contain the liquid in the cryostat, while allow-
ing the vapor created by heat flow into the bulk helium to
evaporate to space. A porous plug is placed in the vent line ....
The outer end is cooled by the evaporation of liquid to gas, and
the resulting temperature differential generates a pressure which
keeps the liquid in the tank.
"It is of practical interest to know whether such a liquid-vapor
separator can recover from a condition in which there is liquid
on the down stream side and the.., temperature gradient is in the
wrong direction to maintain the fountain pressure." (6, p. 3)
The behavior of superfluid helium has been described by the two-
fluid model of Tisza (see Reference (7)). Here, the fluid is as-
sumed to have two components: (i) superfluid and (2) normal liq-
uid. "The superfluid component is in a single macroscopic
quantaum-mechanical ground state and as a result has no vis-
cosity, zero entropy, and cannot transport. The fraction of the
liquid in the superfluid state is uniquely determined by the tem-
perature.., and approaches 100% at absolute zero. The remainder
of the fluid acts like a normal liquid with viscosity, entropy,
and the capacity to carry heat.
"Transport mechanisms are pictured as relative motions of the two
components. These motions change the local ratio of superfluid
to normal fluid and hence are accompanied by temperature changes.
Third[-]sound,... is a surface wave on films so thin that the
normal component is locked to the substrate by its viscosity.
The superfluid component moves as a surface wave, i.e. a change
in depth, accompanied by a change in temperature. The restoring
force for these waves may be van der waals forces, surface ten-
sion and in one g, gravity. In addition, there is a tendency of
the liquid to flow from the hotter valleys to the colder peaks.
Both the flow and the distillation act as effective restoring
forces." (6, p. 3)
This Spacelab 2 experiment was designed to investigate the
properties of superfluid helium under low-gravity conditions.
There were several technological and scientific objectives of the
(SFHE) which was divided into three separate investigations:
(i) The Quantized Surface Wave (QSW) experiment had scientific
and technological objectives. Scientifically, the QSW experiment
investigated third-sound surface waves, on the order of a micron
thick, in films of superfluid helium. Technologically, the ob-
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jectives of the QSW experiment were to (a) demonstrate the tech-
nology required to observe third-sound waves in films thicker
than possible under l-g conditions and (b) determine the wave
velocities and attenuation.
(2) The objective of the Bulk Fluid Dynamics (BFD) experiment was
to determine the response (slosh modes and decay time) of super-
fluid helium to known acceleration levels.
(3) The objective of the Bulk Thermal Dynamics (BTD) experiment
was to determine temperature fluctuations and variations (to
within i0 microKelvin) associated with slosh modes.
The experimental apparatus, mounted on the aft-most pallet in the
cargo bay, consisted of three main parts: (i) a cryostat, (2) a
flight electronics assembly, and (3) a vacuum maintenance as-
sembly. The cryostat contained a vacuum insulated tank (volume
of 120 liters), which could be operated at temperatures as low as
1.5 Kelvin. All experiments were held in a removable sensor
head. The sensor head contained all the electronics for the QSW
experiment and for interfacing with the external electronics
through a multiplexing circuit. The top mounting plate also con-
tained the seal for the helium vessel. Hermetically sealed,
multi-pin connectors allowed signal passage through the plate.
(See References (i) and (6) for hardware details.)
Results from the three separate experiments are as follows:
Quantized Surface Wave Experiment: It was reported that "The
general features of the waves correspond well; the driven
response shows the frequency and amplitude behavior predicted by
theory. In particular, the direct path (1/4 turn) wave response
is nearly constant in amplitude, while the increase in baseline
and peak values at the end of the pulse train correlates with the
predicted arrival of the long path (3/4 turn) wave.
"Observations were made at a number of temperatures and
frequencies and with pulses of different lengths and amplitudes.
Perhaps the most unexpected result, in the light of predictions
of very high attenuations and measurements on thinner films in
one g, was the presence of waves persisting as long as 60
seconds." (6, p. 5)
Bulk Thermal Dynamics Experiment: Data for this experiment were
collected by 12 temperature sensors located in a 3-1iter cell
within the sensor head. A three-axis accelerometer package was
also used. The time profile of one the temperature sensors in-
cluded for this experiment was reported. However, it was
reported that "High time-resolution plots and close correlation
with input accelerations will be necessary to interpret the data
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in terms of disturbed and undisturbed temperature fluctuations."
(6, p. 5) (No other results from the BTD experiment were
reported.)
Bulk Fluid Dynamics Experiment: Data for this experiment were
collected by 132 liquid-vapor sensors placed on a tree-like
structure located in the same three liter cell used for the BTD
experiment. A major goal was to determine the liquid and ullage
bubble location and, therefore, the bulk liquid location and its
dynamic response to accelerations. It was reported that "The BFD
sensors appeared to work well at temperatures close to the lambda
point. Useful data were taken during burns of the Orbital
Maneuvering System... and during several hours of thruster
firings .... " (6, p. 6) (No other results from the BFD experiment
were reported.)
(Reference (6) contains further discussions of the cryostat per-
formance, space environment (temperature and accelerations),
cryogenic operations, and mission operations.)
Key Words: Fluid Physics, Superfluids, Cryogens, Contained
Fluids, Partially Filled Containers, Thermal Control, Accelera-
tion Effects, Liquid Dynamic Response, Sloshing, Fluid Manage-
ment, Oscillation Frequency, Oscillation Amplitude, Heat Trans-
fer, Thermal Gradient, Liquid/Vapor Interface, Solid/Liquid In-
terface, Thin Films, Fountain Effect, Quantized Surface Waves,
Porous Plug, Evaporation, Surface Tension, Viscosity, Van der
Waals Forces, Bubbles, Acceleration Measurements, Vacuum
Number of Samples: not applicable
Sample Materials: superfluid helium
(He*)
Container Materials: unknown
Experiment/Material Applications:
Liquid helium 4 and its rare isotope, helium 3, are uniquely
suited for use as a cryogen under low-gravity conditions (see EX-
PERIMENT SUMMARY INPUT). They are the coldest liquids known and
can, therefore, be used as cooling fluids for instruments which
require extremely low temperatures.
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(i) Mason, P. V., Petrac, D., Elleman, D. D., Wang, T., Jackson,
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Report on the Spacelab 2 Superfluid Helium Experiment. In
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tember 1978, Edited by K. Stuart Clifton, pp. 48-51. (preflight).
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vances in Cryogenic Engineering, Vol. 25 - Proceedings of the
Cryogenic Engineering Conference, Madison, Wisconsin, August 21-
24, 1979. (preflight).
(4) Petrac, D. and Mason, P. V.: Infrared Astronaumical Satellite
(IRAS), Superfluid Helium Tank Temperature Control. Advances in
Cryogenic Engineering, Vol. 29, 1983. (preflight).
(5) Properties of Superfluid Helium in Zero-Gravity. In Spacelab
2, NASA Marshall Space Flight Center, EP217, 20M385, for sale by
the Superintendent of Documents, U.S. Government Printing Office,
pp. 36-37. (preflight)
(6) Mason, P. V., Petrac, D., Elleman, D. D., Wang, T., Jackson,
H. W., Collins, D. J., Cowgill, P. J., and Gatewood, J. R.: The
Spacelab 2 Superfluid Helium Experiment. In AIAA 24th Aerospace
Sciences Meeting, January 6-9, 1986, Reno, Nevada, AIAA Paper No.
86-0143, 8 pp. (post-flight)
(7) Khalatnikov, I. M.: "Introduction to the Theory of Super-
fluidity," translated by P. C. Hohenberg, Benjamine, New York,
New York (1965). (discusses Tisza two-fluid model of superfluid
helium behavior)
Contact(s):
Pete Mason, D. Petrac, or D. Elleman
Mail Code 183-901
4800 Oak Grove Drive
Pasadena, CA 91109
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Principal Investigator(s): Bewersdorff, A. (i)
Co-Investigator(s): None
Affiliatlon(s): (i) During STS-030: Institute of Space Simula-
tion, Deutsche Forschungs-und Versuchsanstalt f_r Luft-und Raum-
fahrt (DFVLR), Cologne, Federal Republic of Germany, Currently:
Deceased <Note: The DFVLR is now called the Deutsche
Forschungsanstalt f_r Luft-und Raumfahrt (DLR).>
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Process Chamber Double Rack
Processing Facility: Holographic Optical Laboratory (HOLOP)
(holographic interferometer)
Builder of Processing Facility: Designed and built by the In-
stitute of Space Simulation, DFVLR, Cologne, Federal Republic of
Germany
Experiment:
Bubble Transport by Chemical Waves (PL-HOL-01)
Chemical waves may result in reacting fluid systems that are far
from thermodynamic equilibrium. These waves are produced by a
locally varying heat source which results in thermal gradients.
The gradients propagate in a wave-like manner through the react-
ing fluid and cause Marangoni flow. The flow may result in a mo-
tion of gaseous or liquid inclusions. Under certain conditions,
the inclusions can be caught in the waves and thus move in a
'surfing' manner. On Earth, gravity-induced buoyancy disturbs
this motion, disallowing any observation of the phenomenon.
This Spacelab D1 experiment was designed to study low-gravity
particle transport by chemical waves. The specific objective of
the experiment was to investigate the motions of gaseous inclu-
sions in a reacting liquid.
A specially built reaction chamber was incorporated in the
Holographic Optical Laboratory (HOLOP) for the Spacelab D1 mis-
sion. The reaction chamber had been (i) cut into a copper block
to suppress exterior temperature gradients, and (2) gold-coated
to prevent unwanted chemical reaction between the wall material
and chemical solution.
During the mission, the reaction was to be initiated by drawing
two reacting solutions into the chamber (these two solutions were
unspecified). The Zhabotinski reaction was selected for (i) wave
generation and (2) experiment ease; the gas inclusions were to be
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generated from Zn particles. <Note: This process was further ex-
plained in Reference (7): The micron-sized particles were con-
tained in the evacuated reaction chamber. When the reacting
solutions were drawn into the chamber, the Zn dissolved forming
gas. (The composition of the reacting solutions was close to the
regular Zhabotinski composition.)> Reportedly, the chemical reac-
tion was optimized by selection of an appropriate species con-
centration. The concentration was selected to produce a tempera-
ture oscillation amplitude of 0.045 °C and a wavelength of 14 mm.
Holograms were to be taken during the experiment. <Note: the
Zhabotinski reaction was discussed further in References (4) and(8) .>
It was reported that (i) evacuation and filling of the experiment
chamber went according to plan, (2) the employed solutions sur-
vived the long storage time; therefore, (3) the wave-generating
chemical reaction should have progressed as intended. However,
"When the recording of holograms started, a malfunction occurred,
which has not yet been resolved. After film development, the
holograms exhibited different density values and blurred images.
There is no continuity in the frequency of exposures. These mal-
functions are the more unexplainable since the two follow-up ex-
periments under identical optical conditions resulted in correct
exposures. The interpretation of the experimental results is
therefore limited .... " (4, p. 142)
Reportedly, it was possible to identify 20 bubbles of 0.2 to 3.0
mm diameter (50-100 smaller bubbles were expected). Of these 20
bubbles, seven could be used for velocity determination. The
bubble movement fluctuated with a velocity range of 0.i to 1.0
mm/minute. It was possible that this movement was caused by
chemical waves. From this limited data, the following inter-
pretation was reported: (i) the bubble movement was only for a
short period of time as the wave passed, (2) the wave direction
remained unchanged, and (3) the wave velocity was 2.5 mm/minute
which was greater than the bubbles but of the same order of mag-
nitude. It was thus concluded that the experimental results were
in approximate agreement with the expected results.
Key Words: Fluid Physics, Chemical Waves, Chemical Oscillations,
Thermal Oscillations, Thermal Gradient, Marangoni Convection,
Reactant Solutions, Zhabotinski Reaction, Gas Formation, Inclu-
sions, Liquid Transfer, Mass Transfer, Liquid Reservoir, Bubbles,
Bubble Formation, Bubble Transport, Particle Transport, Buoyancy
Effects, Flow Velocity, Biotechnology, Holography, Liquid/Gas In-
terface, Solid/Liquid Interface, Coated Surfaces, Contained
Fluids, Photographic Difficulties
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Number of Samples: one experiment chamber
Sample Materials: The reacting solutions were unspecified, al-
though reportedly, they contained Zn particles for bubble gener-
ation
(Zn*)
Container Materials: gold-coated copper
(Au*Cu*)
Experiment/Material Applications:
"Remarkable and unexpected phenomena can arise in special chemi-
cally reacting systems when they are far from thermodynamic equi-
librium. The reaction then abandons its unstructured path and
may feature chemical oscillation, spontaneous generation of spa-
tial inhomogeneities, or chemical waves. Such phenomena are of
fundamental interest and have an important role in biological
systems." (I, p. 97)
Referenaes/Applioable Publications:
(I) Bewersdorff, A.: Bubble Transport by Chemical Waves. In
BMFT/DFVLR Scientific Results of the German Spacelab Mission: D1,
Abstracts of the D1-Symposium, Norderney, Germany, August 27-29,
1986, p. 97. (abstract only)
(2) Bewersdorff, A.: Transport durch chemische Wellen. Natur
wissen-schaften 73.Jahrgang Heft 7, July 1986, pp. 363-365.
(English abstract; article in German)
(3) Bewersdorff, A. : Bubble Transport by Chemical Waves. In
Scientific Goals of the German Spacelab Mission DI, WPF, 1985,
pp. 62-63. (preflight)
(4) Bewersdorff, A.: Particle Transport by Chemical Waves. In
Proceedings of the Norderney Symposium on Scientific Results of
the German Spacelab Mission: DI, Norderney, Germany, August 27-
29, 1986, pp. 141-143. (post-flight)
(5) Wanders, K., Klein, H., Bewersdorff, A., and Neuhaus, D.:
Holographic Experiments: Results of Spacelab DI. In Proc. 6th
European Symposium on Material Sciences Under Microgravity Condi-
tions, Bordeaux, France, December 2-5, 1986, ESA SP-256, pp. 105-
107.
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(6) Hamacher, H., Merbold, U., and Jilg, R.: Analysis of
Microgravity Measurements Performed During DI. In Proceedings of
the Norderney Symposium on Scientific Results of the German
Spacelab Mission: DI, Norderney, Germany, August 27-29, 1986.
(post-flight; acceleration measurements on DI)
(7) Input received from G. Otto (DLR, K61n), August 1993.
(8) Bewersdorff, A.: Space Experiments on Chemical Pattern Forma-
tion. Proceedings of the 3rd European Symposium on Material
Sciences in Space, Grenoble, April 24-27, 1979, ESA SP-142, pp.
313-316. (preflight)
Contact(s):
Dr. G_nther Otto
DLR/WB-RS
Linder H6he
D-51147 K61n
Germany
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Principal Investigator(s): Drinkenburg, A.A.H. (1)
Co-Investigator(s): Lichtenbelt, J. H. (2), Dijkstra, H. A. (3)
Affiliation(s): (1,2) During STS 61-A: Universiteit Groningen,
Department of Chemical Engineering, The Netherlands; (1)
Currently: DSM Research, Filien, The Netherlands; (2) Currently:
AVEBE Research, Veendam, The Netherlands; (3) During STS 61-A:
Cornel1 University, Department of Mathematics, Ithica, New York,
Currently: Department of Physics and Astronomy, University of
Utrecht, The Netherlands
Experiment Origin: The Netherlands
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Materials Science Double
Rack (MSDR)
Processing Facility: Fluid Physics Module (FPM)
Builder of Processing Facility: FIAT C. R., Italy
Experiment_
Maranqoni Convection in Relation to Mass Transfer from the Liquid
to the Gas Phase (WL-FPM-01) MACO A and MACO B
Purification processes (e.g. , distillation, adsorption,
desorption) generally involve mass transfer between two immis-
cible liquids or a liquid and a gas. Columns often used for
these processes are filled with packing material (particles) of a
particular shape (e.g., rings, spirals) to create a large contact
area between the fluids. Generally, the liquid is distributed
over the top of the column and flows continuously downward over
the packing material. As the liquid flows downward, the gas per-
colates upward or downward over the wetted particles.
The design of packed columns depends on (i) the wetting ef-
ficiency of the particles and (2) the rate of transport of the
components to and from the transferring interfacial area.
However, because of the non-linear behavior of the mass-transfer
process, packed-column design is often not accurate.
The performance of a packed column is measured by the number of
transfer units, N__, which is proportional to the product of the
mass transfer coefficient, K, and the contact area, A. Earlier
research had determined Nou may be increased by up to a factor of
3 by surface tension effec£s.
This Spacelab D1 experiment was the first in a series of inves-
tigations designed by Drinkenburg to study the influences of
Marangoni convection on low-gravity mass transfer rate. The
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specific objective of the study was to determine the effect of
solutally-driven Marangoni convection (without the masking in-
fluences of gravity-induced buoyancy) on the K x A product.
Rather than modeling a packed column or purification process, the
experiment was configured to study a more basic form of solutally
driven fluid transport.
Two experiments, MACO A and MACO B, were scheduled to be per-
formed during the Spacelab D1 Mission. Prior to the flight, two
containers (one for MACO A and one for MACO B) were prepared for
the investigations. Because each container was to be partially
filled with a weak acetone water solution (MACO A: 3 vol%
acetone; MACO B: 2 vol% acetone), the glass inside the containers
was coated above the expected liquid interface with
polyfluorocarbon. This treatment was done to insure that a flat
liquid-gas interface was maintained. To keep the acetone con-
centration in the gas phase constant, an activated carbon bed was
included 2 cm above the interface. The activated carbon was ex-
pected to absorb the acetone as it evaporated. Three thermis-
tors, attached to the outside of the container, were available to
provide thermal data. A pressure transducer, configured on the
system, was to provide the gas phase pressure data. (The ther-
mistor and pressure transducer data allow calculation of the
acetone distribution coefficient over both phases. ) The two ex-
perimental containers (i cm x I0 cm x 3.5 cm) were housed within
the Spacelab Fluid Physics Module (FPM) for activation during the
mission. The expected convective flow patterns were recorded
with a camera and illumination system. <Note: Although not
stated, it appears that particles were included in the acetone
solution to enhance visualization.>
During the first experiment (MAC0 A), the 3 vol% acetone-water
solution was introduced into the chamber during 1 minute. Within
7 seconds the fluid movement (induced by the filling process) had
damped. A flat interface was created which, to the surprise of
the ground observers (viewed via direct images from the shuttle)
showed no fluid motion. After about i0 minutes the Payload
Specialist removed some fluid from the chamber and a curved in-
terface resulted. Small flow cells developed in the middle of
the concave interface. After a period of time, two larger cells
formed that had a wavelength matching the chamber length.
It was thought that the stability of the flat interface was due
to impurities within the MACO A cell. Therefore, the second ex-
periment (MACO B) was performed, employing the 2 vol% acetone
solution, and using the same procedure. However, nearly the same
results were obtained. The flat interface was stable with six
cells forming with the concave interface. Soon, three of these
cells grew into one larger cell.
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Since extra time was available, a third experiment was performed
with the 2 vol% acetone mixture. The chamber was filled in steps
until a flat interface was attained. "In each pause, roll cells
could develop and transport the impurities, if present, to the
side walls. When completely filled, the flat interface, if not
globally stable, would show roll cells." (i, p. 358) Unfor-
tunately, no direct images of this extra experiment were re-
corded.
Three possible explanations of the stability of the flat inter-
face were presented:
(i) The carbon had been saturated and, therefore, could not ab-
sorb more acetone. If this were true, then the evaporation would
have been halted after about one second. This explanation
was dismissed due to the later roll cell activity which made it
unlikely that acetone evaporation had stopped so quickly.
(2) Surface impurities may have stabilized the system. The con-
cave interface would have created a larger interface surface,
resulting in the impurities moving to the side walls. In the
middle of the interface (clean portion) rolls would have
developed. Further analysis of the film and acetone should be
able to discern if this was the case.
(3) The side walls stabilized the system. "It is already known
that the presence of side walls increases the the critical Maran-
goni number [value at which surface tension driven flow starts],
but it was not expected to such an extent as to stabilize the
system completely." (i, p. 359)
<Note: Analysis on the mass transfer characteristics of the sys-
tem had not yet been performed at the time the available
references were published.>
Key Wozds: Fluid Physics, Transparent Liquids, Contained Fluids,
Partially Filled Containers, Free Surface, Fluid Motion Damping,
Surface Tension, Surface Tension-Driven Convection, Cellular Con-
vection, Marangoni Convection, Critical Marangoni Number,
Buoyancy Effects Diminished, Liquid Reservoir, Mass Transfer,
Liquid Transfer, Solutal Gradients, Liquid/Gas Interface, Free
Surface Shape, Interface Stability, Interface Shapes, Evapora-
tion, Contamination Source, Impurities, Thin Films, Coated Sur-
faces, Hydrophobic Surfaces, Solid/Liquid Interface, Tracer Par-
ticles, Illumination System
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Number of Samples: two experimental setups, three experiment runs
Sample Materials: Water-acetone solutions; for MACO A: 3 vol%
acetone solution; for MACO B: 2 vol% acetone solution; tracer
materials: unknown
Container Materials: glass coated with polyfluorocarbon
Experiment/Material Applications:
Marangoni convection (flow by surface tension gradients caused by
concentration and/or temperature gradients) leads to enhanced
mass transfer. The results from this experiment are related to
several areas of research including (1) distillation processes,
(2) mass transfer in steel making, and (3)application as liquid
withdrawal in thin sheets.
See also Lichtenbelt, MASER 1 and Janssen, MASER 2 (both in this
chapter).
References/Applicable Publications:
(1) Lichtenbelt, J. H., Drinkenburg, A.A.H., and Dijkstra, H. A.:
Marangoni Convection and Mass Transfer from the Liquid to the Gas
Phase Under Microgravity Conditions. Naturwissenschaften,
73.Jahrgang Heft 7, July 1986, pp. 356-359. (post-flight results)
(2) Lichtenbelt, J. H., Dijkstra, H. A., and Drinkenburg, A.A.H.:
Marangoni Convection and Mass Transfer from the Liquid to the Gas
Stage. Adv. Space Res., Vol. 6, No. 5, 1986, pp. 61-64.
(3) Lichtenbelt, J. H., Drinkenburg, A.A.H., and Dijkstra, H. A.:
Marangoni Convection in Relation to Mass Transfer from the Liquid
to the Gas Phase. In BMFT/DFVLR Scientific Results of the German
Spacelab Mission DI, Abstracts of the Di-Symposium, Norderney,
Germany, August 27-29, 1986, p. 96. (post-flight results)
(4) Drinkenburg, A.A.H.: Marangoni Convection in Relation to Mass
Transfer From the Liquid to the Gas Phase. In Scientific Goals
of the German Spacelab Mission DI, WPF, 1985, pp. 57-59.
(preflight)
(5) Drinkenburg, A.A.H.: Convection Under Microgravity and its
Influences on Mass Transfer. Symposium on Industrial Activity in
Space, Stressa, Italy, May 2-4, 1984, Paris, Eurospace 1984, pp.
262-276.
(6) Hamacher, H., Merbold, U., and Jilg, R.: Analysis of
Microgravity Measurements Performed During DI. In Proceedings of
the Norderney Symposium on Scientific Results of the German
Spacelab Mission DI, Norderney, Germany, August 27-29, 1986.
(post-flight; acceleration measurements on D1)
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(7) Gonafaione, A.: The Fluid Physics Module-A Technical Descrip-
tion. In ESA 5th European Symposium on Materials Sciences Under
Microgravity, Results of Spacelab i, Schloss, Elmau, November 5-
7, 1984, ESA SP-222, pp. 3-7. (apparatus post-Spacelab i, prior
to DI)
(8) Ceronetti, G.: The Fluid Physics Module Design. XXV Rassegna
Internazionale Electtronica Nucleare Ed Aerospaziale. Roma,
March 10-19, 1978, pp. 76-83. (prior to Spacelab i)
(9) Lichtenbelt, J. H., Drinkenburg, A.A.H., and Dijkstra, H. A.:
Marangoni Convection and Mass Transfer from the Liquid to the
Gasphase. In Proceedings of the Norderney Symposium on Scien-
tific Results of the German Spacelab Mission DI, Norderney, Ger-
many, August 27-29, 1986, pp. 127-130. (post-flight)
(I0) Input received from Experiment Investigator, June 1988.
(Ii) Dijkstra, H. A.: Mass Transfer Induced Convection near Gas
Liquid Interfaces. Thesis, University of Groningen, 1988.
Contact(s):
Prof. Dr. A.A.H. Drinkenburg
DSM Research
6160 MD
PO Box 18
Filien
The Netherlan4s
J. Lichtenbelt
AVEBE Research
Veendam
The Netherlands
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Principal Investlgator(s)= N_hle, R. (i)
Co-Investlgator(s): Neuhaus, D. (2), Siekmann, J. (3), Wozniak,
G. (4)
Affillatlon(s): (1,2) Deutsche Forschungs-und Versuchsanstalt fur
Luft-und Raumfahrt (DFVLR), Institute for Space Simulation,
Cologne, Germany <Note: The DFVLR is now called the Deutsche
Forschungsanstalt fur Luft-und Raumfahrt (DLR) .>; (3,4)
Universit_t GH Essen, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #22, STS-030 (STS 61-A Spacelab DI:
Challenger)
Launch Date/Expt. Date= October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type= STS Spacelab Facility, Materials Science Double
Rack
Processing Facility: Fluid Physics Module, (FPM) (same facility
as the FPM of Spacelab 1 but with improvements)
Builder of Processing Facility: Centre Ricerche, Torino, Italy
Experiment:
Separation of Fluid Phases and Bubble Dynamics in a Temperature
GradieDt (WL FPM 02)
"Consider a gas bubble or a liquid drop [of medium] A placed in a
liquid matrix [of medium] B subjected to a temperature gradient.
Due to the temperature dependence of the interracial tension,
tangential stresses arise at the particle interface and generate
a liquid flow along the particle contour toward increasing inter-
facial tension.
"This so-called thermocapillary or Marangoni-convection causes a
particle motion in the opposite direction toward decreasing in-
terracial tension ....
"The first theoretical and experimental study on Marangoni bubble
motion was published by Young,...[et al.]. Young... derived...
[an] equation for the steady, thermocapillary migration velocity
V of a fluid particle." (1, p. 179)
On Earth, the examination of such drop or bubble motion is
restricted to small radii particles (and thus low Marangoni
numbers). The particles must be small enough such that buoyancy
forces do not control the motion. Further, terrestrial experi-
ments must be performed in fluid systems with low Reynolds num-
bers. If the Reynolds number is made too large (by a reduction
of the viscosity or an increase in the temperature gradient)
gravity-driven cellular convection may occur within the system.
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This Spacelab D1 experiment was the first in a series of inves-
tigations designed by N_hle et al. to study the thermocapillary
convective motion of particles in liquids. The specific objec-
tives of the study were to (i) observe thermocapillary convective
particle motion in fluid systems with high Marangoni and Reynolds
numbers (numbers larger than those possible on Earth), (2) com-
pare the experimental particle velocity data with theoretical
predictions, (3) observe hydrodynamic interactions and particle
coalescence, (4) demonstrate the use of Marangoni convection for
the low-gravity degassing of liquids, and (5) demonstrate the use
of Marangoni convection for the separation of liquid/liquid dis-
persions.
The experiment apparatus, which was affixed to the front plate of
the Spacelab Fluid Physics Module (FPM), consisted (in part) of
two test cells (each measuring 30 x 30 x 33 mm). The cells were
configured one next to the other, and enclosed by anti-reflective
quartz windows. These windows allowed filming of the particle
motion. Prior to the flight, both cells were filled with
silicone oil. One wall of each cell was configured with a
cartridge heater to create a hot wall (with a stabilized tempera-
ture of about 60 °C). Six thermistors were available to measure
the temperature of the cell. Two reservoirs, one containing air
and the other bi-distilled water, were contained in the ex-
perimental apparatus. "To prevent a pressure rise due to the
high thermal expansion coefficient of silicone oil, pressure com-
pensation systems with membranes were provided for both the cells
and the reservoirs." (3, p. 388)
Each cell was configured with a rotor. Air or water could be
delivered (from the appropriate reservoir) into the silicone oil
via hollow needles extending from the rotors. The rotor/needle
assembly was capable of both rotary and translatory motion.
Prior to experiment initiation, the rotor needles were capped
with glass tips to prevent oil creep in through the needle holes.
These glass tips were intentionally broken once the rotors were
operated. One cell had been dedicated to observe drop motion and
that the other cell was dedicated to observe bubble motion.
During the initial experiment run of the Spacelab D1 mission,
"...the bubble/drop generator failed and was activated manually
three times repeatedly. Due to the short duration of these
sequence[s], quasi-steady state conditions could not be reached
and only qualitative evaluations from the film recordings could
be performed ....
"After reconfiguration and visual inspection via the T/V
downlink, the experiment was accomplished... [2 days later] al-
most nominally .... (4, p. 329) The only mentioned difficulty
during this later run was a water drop generator malfunction.
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Because of this malfunction, no unambiguous thermocapillary mo-
tion of the water droplets was observed.
Post-flight analysis of the available bubble data indicated that
the "Marangoni numbers achieved exceed[ed] the limitations for
terrestrial observations considerably, Ma... [of the bubble] >0.2
and Ma... [of the oil] >30 were evaluated." (3, p. 389) More
specifically, "During the experiment thermocapillary bubble mo-
tions with corresponding Marangoni numbers up to Ma... [of the
oil approximately equal to] 300 or Ma... [of the bubble ap-
proximately equal to] 1 and Reynolds numbers up to Re...
[approximately equal to] 0.4 were observed .... " (7, p. 212)
The experimentally obtained bubble velocities were compared to
the theoretical bubble velocities as predicted by Young's equa-
tion. The temperature gradient used in the analysis was calcu-
lated using the one-dimensional heat conduction equation and
using the hot and cold temperatures as measured during the ex-
periment. The analysis indicated that the theoretical and ex-
perimental velocities did not indicate good agreement, except for
a particle radius of less than i.i mm (see Reference (7)). "For
small Marangoni numbers the theory of Young et al. agrees with
the experimental data." (4, p. 332) For Marangoni numbers ex-
ceeding those of terrestrial experiments by one order of mag-
nitude, agreement between theory and experiment was
"satisfactory". However, as the Marangoni number increased
beyond this order of magnitude, the limit of the application of
Young's theory was exceeded. This excedence was reportedly due
to the invalidation of the low heat convection to heat conduction
ratio assumption.
It was reported that the applicability of Marangoni effects to
degassing of a liquid was demonstrated up to the Marangoni num-
bers given previously (for the air/silicone oil system).
No bubble coalescence was observed during the experiment. In-
stead, single bubbles touched and stuck together, or clusters of
bubbles decomposed. The single bubbles moved according to the
temperature gradient.
"Furthermore, no indication was found that the Marangoni-effect
can be utilized for the separation of liquid/liquid dispersions."
(i, p. 182)
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Key Words: Fluid Physics, Transparent Liquids, Multiphase Media,
Two-Phase System, Liquid/Gas Interface, Liquid/Liquid Interface,
Separation of Components, Hydrodynamics, Thermal Gradient, Heat
Transfer, Conduction, Surface Tension, Interfacial Tension, In-
terface Physics, Marangoni Convection, Thermocapillary Convec-
tion, Particle Motion, Bubbles, Gas Injection, Bubble Dynamics,
Bubble Formation, Bubble Injection, Bubble Motion, Bubble Migra-
tion, Bubble Transport, Marangoni Movement (Migration) of
Bubbles, Bubble Removal, Particle Coalescence, Buoyancy Effects
Diminished, Liquid Reservoir, Liquid Injection, Liquid Expulsion
Through A Small Orifice, Liquid/Liquid Dispersion, Drops, Drop
Formation, Drop Velocity, Droplet Injection, Collisions, Con-
tained Fluids, Hardware Malfunction, Processing Difficulties,
Sample Not Processed As Planned
Number of Samples: two experimental cells
Sample Materials: silicone oil (AK i00, Wacker Chemie) with nor-
mal air bubbles and/or bi-distilled water bubbles
container Materials: aluminum housing, two quartz windows on op-
posite sides for illumination and observation/recording
(AI*)
Experlment/Material Applications:
The specific reasons why the sample fluids were selected were not
reported.
See Neuhaus,
chapter).
STS 61-A and Wozniak, MASER 1 (both in this
References/Applicable Publications:
(i) Siekmann, J., Wozniak, G., Srulijes, J., N_hle, R., and
Neuhaus, D.: Experimental Investigation of Thermocapillary Bubble
and Drop Motion Under Microgravity. In ESA 6th European Sym-
posium on Material Sciences Under Microgravity Conditions, Bor-
deaux, France, December 2-5, 1986, ESA SP-256, pp. 179-182.
(post-flight)
(2) N_hle, R., Neuhaus, D., Siekmann, J., and Chun, Ch.-H.:
Separation of Fluid Phases and Bubble Dynamics in a Temperature
Gradient. In Scientific Goals of the German Spacelab Mission DI,
WPF, 1985, p. 142. (preflight)
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(3) N_hle, R. and Neuhaus, D.: Separation of Fluid Phases and
Bubble Dynamics in a Temperature Gradient. In Natur Wissenschaf-
ten, 73 Jahrgang Heft 7, July 1986, pp. 387-389. (post-flight)
(4) N_hle, R., Neuhaus, D., Siekmann, J., Wozniak, G., and
Srulijes, J.: Separation of Fluid Phases and Bubble Dynamics on a
Temperature Gradient. In Proceedings of the Norderney Symposium
on Scientific Results of the German Spacelab Mission DI, Norder-
ney, Germany, August 27-29, 1986, pp. 328-332. (post-flight)
(5) Siekmann, J. and Wozniak, G.: Thermocapillary Bubble Migra-
tion in Microgravity at Higher Marangoni and Reynolds Numbers.
Israel 29th Annual Conference on Aviation and Astronautics,
Haifa, Israel, February 1987, pp. 97-99. (post-flight)
(6) Szymczyk, J. A., Wozniak, G., and Siekmann, J.: On Marangoni
Bubble Motion at Higher Reynolds-and Marangoni Numbers Under
Microgravity. Appl. Microgravity Tech. I (1987), I, pp. 27-29.
(7) N_hle, R., Neuhaus, D., Siekmann, J., Wozniak, G., and
Srulijes, J.: Separation of Fluid Phases and Bubble Dynamics in a
Temperature Gradient - a Spacelab D1 Experiment. In Zeitschrift
f_r Flugwissenschaften und Weltraumforschung, Vol. ii, 1987, pp.
211-213. (post-flight)
(8) Input received from Experiment Investigator, August 1993.
contact(s):
Dipl.-Phys. R. N_hle or D. Neuhaus
DLRWB-RS
Linder H6he
D-5000 K61n 90
Germany
J. Siekmann or Dr.-Ing. G. Wozniak
Universit_t-GH-Essen
Fachbereich-12 Mechanik
Sch_tzenbahn 70
D-4300 Essen 1
Germany
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Principal Investigator(s): Neuhaus, D. (1)
Co-Investigator(s): None
Affiliation(s): (1) Deutsche Forschungs-und Versuchsanstalt f_r
Luft-und Raumfahrt (DFVLR), Institute for Space Simulation,
Cologne, Germany <Note: The DFVLR is now called the Deutsche
Forschungsanstalt f_r Luft-und Raumfahrt (DLR).>
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Process Chamber Double Rack
Processing Facility: Holographic optical Laboratory (HOLOP)
(Holographic Interferometer)
Builder of Processing Facility: Designed and built by the In-
stitute for Space Simulation (Institut f_r Raumsimulation),
DFVLR, Cologne, Germany
Experiment:
Bubble Motions Induced by Temperature Gradient (PK-HOL 03)
Even in a low-gravity environment, "...bubbles in a liquid can be
moved by a temperature gradient. The temperature dependence of
the surface tension, that is a physical property of the thin
boundary layer between the liquid and the gas, is responsible for
the [gravity-independent] motion ([thermocapillary] Marangoni
convection)." (3, p. 52)
"Observation of bubble motions in different chemical systems can
provide information about processes at the liquid-gas interface.
This is done by correlating chemical and physical properties of
the system to deviations in the [predicted] bubble velocity ....
"Such measurements can achieve sufficient reliability only in a
microgravity environment, where... [buoyant] movement is largely
eliminated." (5, p. 118)
This Spacelab D1 experiment was the second in a series of inves-
tigations designed by Neuhaus and/or N_hle et al. to study the
thermocapillary convective motion of particles in a liquid (see
N_hle, STS 61-A (this chapter)).
The Spacelab Holographic Diagnostic System HOLOP was used to ex-
amine the behavior of bubbles in three different liquid/gas
systems: (i) AK100 silicone oil/air, (2) AS100 silicone oil/air,
and (3) AP100 silicone oil/air. The apparatus consisted of three
cylindrical, plastic cells, each containing one liquid/gas sys-
tem. A heater was placed at one end of the liquid/gas system and
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a heat sink was placed at the other end. This configuration al-
lowed a maximum temperature difference of 3 K between the two
ends. During the 45-minute experimental run, 57 holograms were
obtained. (The holograms were used for determining bubble
velocity determinations.)
Post-flight examination of the reconstructed holograms revealed
that the bubble behavior in the three systems was very different.
The bubble motion in the AKI00 oil followed theoretical predict-
ions. The bubble velocity in the AS100 oil were 40% less than
predicted. There was no bubble motion observed in the API00 oil.
Thus, it appeared that the differences between the three oils are
not accounted for by the parameters in the theory.
Corresponding experiments with buoyancy driven bubble motion (on
Earth) indicated the bubbles AKI00 and AS100 move with predicted
velocities. However, the bubbles in the API00 oil, which ex-
hibited no Marangoni-driven motion during the Spacelab D1 experi-
ment, behaved as spheres with a stiff surface.
The above described results "...suggest that the description of
the liquid/gas interface using only the surface tension and its
temperature dependence.., is insufficient. Besides the volume
shear viscosity an additional dissipative mechanism at the
liquid/gas interface is necessary. The present results suggest
dilatational surface viscosity as an additional parameter .... "
(4, p. 243) <Note: Reference (4) contains a theoretical treatment
of the dilatational surface viscosity.>
Key Words: Fluid Physics, Transparent Liquids, Two-Phase System,
Multiphase Media, Liquid/Gas Interface, Thermal Gradient, Surface
Tension, Heat Transfer, Conduction, Marangoni Convection, Ther-
mocapillary Convection, Bubbles, Bubble Motion, Bubble Migration,
Bubble Transport, Marangoni Movement (Migration) of Bubbles,
Buoyancy Effects Diminished, Interface Physics, Viscosity, Holog-
raphy, Contained Fluids
Number of Samples: three
Sample Materials: three types of silicone oil-Wacker Chemie
AKI00, AS100, API00; air for gas bubbles
Container Materials: plastic
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Experlment/Materlal Applications:
The silicone oils employed in this experiment were selected be-
cause (1) their low surface tensions reduce their affinity for
disturbing impurities, and (2) the chemical differences between
the oils are such that "...the ratio of two different radicals of
the silicon oil molecule is changed." (4, p. 241)
References/Applicable Publications:
(1) Neuhaus, D.: Bubble Motions Induced by a Temperature
Gradient. Naturwissenschaften, 73.Jahrgang Heft 7, July 1986,
pp. 348-349. <Note: This paper is the same as the entry below
for Abstracts of the D1 Symposium.> (post-flight)
(2) Neuhaus, D.: Bubble Motions Induced by a Temperature
Gradient. In BMFT/DFVLR Scientific Results of the German
Spacelab Mission DI, Abstracts of the Dl-Symposium, Norderney,
Germany, August 27-29, 1986, pp. 98-100. (post-flight)
(3) Neuhaus, D.: Bubble Motions Caused by Temperature Gradients.
In Scientific Goals of the German Spacelab Mission DI, WPF, 1985,
pp. 52-53. (preflight)
(4) Neuhaus, D. and Feuerbacher, B.: Bubble Motions Induced by a
Temperature Gradient. In 6th European Symposium on Material
Sciences Under Microgravity Conditions, Bordeaux, France, Decem-
ber 2-5, 1986, ESA SP-256, pp. 241-244. (post-flight results)
(5) Neuhaus, D. and Feuerbacher, B.: Bubble Motions Induced by
Temperature Gradient. In Proceedings of the Norderney Symposium
on Scientific Results of the German Spacelab Mission DI, Norder-
ney, Germany, August 27-29, 1986, pp. 118-120. (post-flight)
(6) Langbein, D.: Fluid Physics. In Proceedlngs of the Norderney
Symposium on Scientific Results of the German Spacelab Mission
DI, Norderney, Germany, August 27-29, 1986, pp. 93-104. (post-
flight)
(7) Wanders, K., Klein, H., Bewersdorff, A., and Neuhaus, D.:
Holographic Experiments: Results of Spacelab DI. In Proceedings
of the 6th European Symposium on Material Sciences under
Microgravity Conditions, Bordeaux, France, December 2-5, 1986,
ESA SP-256, February 1987, pp. 105-107. (post-flight)
(8) Neuhaus, D.: Blasenbewegungen- Hervorgerufen Durch Tem-
peraturgradienten. In Forschung unter Schwerelosigkeit, BMFT-
DFVLR Statusseminar, Friedrichshafen, Kongresszentrum, Graf Zep-
pelin Haus, February 24-26, 1988, pp. 103-108. (in German)
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(9) Input received from Principal Investigator D. Neuhaus, July
1993.
Contact(s):
Dr. D. Neuhaus
Institut fur Raumsimulation
DLR K61n
Linder H6he
D-5000 K61n 90
Germany
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Principal Investigator(s): Rice, J. (1), Kline, B. (2)
Co-Investigator(s): Birman, B. (Program Manager) (3),
General Electric Space Division, (Sponsor and Contributor) (4)
Affiliation(s): (1,2) During STS 61-C: Pennsylvania State Univer-
sity, University Park, Pennsylvania, Currently: Unknown; (3)
General Electric Space Division, Philadelphia, Pennsylvania; (4)
Philadelphia, Pennsylvania
Experiment Origin: USA
Mission: STS Launch #24, STS-032 (STS 61-C, Columbia)
Launch Date/Expt. Date: January 1986
Launched From: NASA Kennedy Space Center, Florida
Payload Type: College Student Experiment; NASA Get Away Special
(GAS) Canister G-062
Volume of Canister: 2.5 cubic feet
Location of Canister: STS Payload Bay (on the standard NASA GAS
Bridge Carrier System)
Primary Developer/Sponsor of G-062: Pennsylvania State Univer-
sity, University Park, Pennsylvania/General Electric Space Divi-
sion, Philadelphia (Valley Forge), Pennsylvania
Processing Facility: The expected experiment configuration was to
consist of a sealed pressure vessel containing (1) a liquid
droplet injector, (2) a moving piston, and (3) retaining foam.
Builder of Processing Facility: Unknown
Experiment:
Terminal Velocity Experiment
This experiment was one of three investigations housed within the
G-062 Get Away Special Canister during STS-032. The two other
experiments (of the three) were also applicable to this data base
(see Kedzierski, STS-032 (Chapter 15); Thames, STS-032 (this
chapter)). <Note: References (2) and (3) listed a fourth experi-
ment in the canister: "Liquid Droplet Heat Radiator Experiment."
However, it appears that this fourth experiment was canceled
prior to the shuttle flight and that the canister was configured
with only three experiments.>
The terminal velocity of a liquid is defined as the "...highest
speed a liquid particle can strike a hard surface without break-
ing apart." (1, p. 3) This velocity can be used to determine the
surface tension of the liquid as the velocity and surface tension
are directly proportional.
The objective and expected experimental setup of this investiga-
tion was described in a document released prior to the shuttle
flight:
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"This experiment will determine the terminal velocity and hence
the surface tension of two liquids in space by injecting droplets
into the path of a moving piston, which will strike the droplets
and send them to a special retaining foam .... This procedure
will be repeated in... [the] sealed pressure vessel with the pis-
ton moving slightly faster each time, until the droplets begin to
break up upon impact (i.e. when the terminal velocity has been
reached). The impacts will be recorded photographically by a 35
mm Nikon camera. This will yield the piston's speed at [the]
time of impact. By comparing the results from a one-G simula-
tion, with all other factors constant, the effect of gravity on
surface tension may be determined and hence help quantify surface
tension formulae." (i, p. 3)
Reference (3) briefly indicated that either the canister or the
G-062 experiments <it is unclear which> "Failed to turn on." The
reference further noted that "The batteries tested fine after
return to earth. Suspect a relay or controller problem." (3, p.
37)
<Note: It is unclear what batteries tested fine after the return
of the shuttle. The only other reference to "batteries" in the
available publications was in Reference (I) and is of note. "The
electrical power will be supplied by an array of Gates Lead-Acid
cells. These cells were chosen due to their consistent safety
characteristics in space, a prime concern of NASA. NASA has im-
posed a three month waiting period prior to launch, which
seriously affects the power capacity at launch. Due to these and
other factors, low power CMOS circuitry was used throughout the
design." (i, p. 5)
It is suspected that because of the above mentioned anomaly (a
turn-on failure), no experimental data were obtained.>
No further information describing the experimental setup,
suspected experiment timeline, failure analysis, or experimental
results could be located at this time.
Key Woz_s: Fluid Physics, Terminal Velocity, Surface Tension,
Surface Tension Determination, Drops, Liquid Expulsion Through a
Small Orifice, Droplet Injection, Solid/Liquid Collision, Droplet
Collision, Drop Dynamics, Liquid Dynamic Response, Impact
Velocity, Drop Velocity, Solid/Liquid Interface, Piston System,
Hardware Malfunction, Sample Not Processed As Planned
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Number of Samples: The number of drops to be injected: unknown
Sample Materials: fluid: unknown
Container Materials: retaining foam material: unknown
Experiment/Materlal Applications:
This research was performed to determine the effect of gravity on
liquid surface tension and "...hence quantify surface formulae."
(1, p. 3)
References/Applicable Publications:
(i) Thames, M., Moul, D., and Birman, B.: Penn State Get Away
Special G-62. In NASA Goddard Space Flight Center's 1984 Getaway
Special Experimenter's Symposium, August 1-2, 1984, NASA CP-2324,
pp. 1-8. (preflight)
(2) NASA Space Shuttle Mission 61-C Press Kit, December 1985, p.
16. (preflight; very short description)
(3) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report # EAC-TR-
RWR 87-11, October 2, 1987. (Get Away Special canister mission
history)
Contact(s):
M. Thames, B. Birman
G.E. Space Division
P.O. Box 8555
Philadelphia, PA 19101
Tom Seliga
Penn State University
College of Engineering
i01 Hammond
University Park, PA 16802
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Principal Investigator(s): Thames, M. (1),
Co-Investlgator(s): Bieber, J. (2) a team of Aerospace Engineers
(3), Birman, B. (Program Manager) (4)
Affillatlon(s): (1) During STS-032: Pennsylvania State Univer-
sity, University Park, Pennsylvania, Currently: Martin Marietta
Astrospace, Philadelphia, Pennsylvania; (2,3) Pennsylvania State
University, University Park, Pennsylvania; (4) During STS-032:
General Electric Space Division, Philadelphia, Pennsylvania,
Currently: Martin Marietta Astrospace, Philadelphia, Pennsylvania
Experiment Origin: USA
Mission: STS Launch #24, STS-032 (STS 61-C, Columbia)
Launch Date/Expt. Date: January 1986
Launched From: NASA Kennedy Space Center, Florida
Payload Type: College Student Experiment
NASA Get Away Special (GAS) Canister G-062
Volume of Canister: 2.5 cubic feet
Location of Canister: STS Payload Bay (on the standard NASA GAS
bridge carrier system)
Primary Developer/Sponsor of G-062: Pennsylvania State Univer-
sity, University Park, Pennsylvania/General Electric Space Divi-
sion, Philadelphia (Valley Forge), Pennsylvania
Processing Facility: The expected experiment configuration was to
consist of (1) two conispherical tanks and (2) a spin table.
Builder of Processing Facility: Students at Pennsylvania State
University, University Park, Pennsylvania
Experiment:
Liquid Sloshinq Experiment
If propellant-tank liquid sloshing should occur in a spin-
stabilized satellite, (I) energy of the vehicle would be dis-
sipated and (2) wobbling motion about the spacecraft's spin axis
could occur.
This experiment was one of three investigations housed within the
G-062 Get Away Special canister during STS-032. The two other
experiments (of the three) are also applicable to this data base
(see Kedzierski, STS-032 (Chapter 15); Rice, J., STS-032 (this
chapter)). <Note: References (2) and (3) listed a fourth experi-
ment in the canister: "Liquid Droplet Heat Radiator Experiment."
However, it appears that this fourth experiment was canceled
prior to the shuttle flight and that the canister was configured
with only the three mentioned experiments.> The specific objec-
tive of the research was to measure slosh forces and observe
slosh motion in a model satellite propellant tank.
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The experimental apparatus was designed to simulate the COMSAT
INTELSAT IV spinning communications satellite. (Liquid slosh,
previously experienced on the COMSAT, hindered the very precise
pointing accuracy of the communication relay.) A document
released prior to the shuttle flight described the expected ex-
perimental setup:
"The liquid slosh experiment will simulate the INTELSAT IV satel-
lite undergoing an attitude maneuver. Two conispherical tanks,
manufactured from clear acrylic and [partially] filled with an
aqueous solution, will be mounted on a spin table rotating at
about 180 rpm (a spin rate which will provide dynamic similitude
between the model and prototype systems). The table will then be
impulsively tilted and the resulting slosh motion will [be]
analyzed and recorded. Two modified World War II vintage [P-38]
gun cameras will visually record the slosh motion at a rate of 16
frames/sec. The lighting will be provided by an array of LED's,
which necessitate the use of KODAK's extended red sensitivity
Tech-pan 2415 film. This film.., has an ESTAR polyester base to
survive vacuum exposure and will be a... unique test in itself of
photography in space." (i, p. 4)
Slosh forces were to be measured by high resolution piezoelectric
force transducers (which had to also withstand the g-forces of
the shuttle launch). It was expected that "The simulation will
be repeated for three different fill ratios at three different
spin rates. This will provide a photographic record of the ac-
tual slosh motion and an analog record of the associated forces
for nine attitude corrections." (i, p. 4)
Reference (3) (which was published after the return of the
shuttle) briefly reported that either the canister or the G-062
experiments <Note: it is unclear which> "Failed to turn on." The
reference further noted that "The batteries tested fine after
return to earth. Suspect a relay or controller problem." (3, p.
37) <Note: It is unclear what batteries tested fine after the
return of the shuttle. The only other reference to "batteries" in
the available publications was in Reference (i) and is of
interest: "The electrical power will be supplied by an array of
Gates Lead-Acid cells. These cells were chosen due to their con-
sistent safety characteristics in space, a prime concern of NASA.
NASA has imposed a three month waiting period prior to launch,
which seriously affects the power capacity at launch. Due to
these and other factors, low power CMOS circuitry was used
throughout the design." (i, p. 5)
Due to the above mentioned anomaly (a turn-on failure), no ex-
perimental data were obtained.
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No further information describing the experimental setup,
suspected experiment timeline, or failure analysis could be lo-
cated at this time.
Key Words: Fluid Physics, Aqueous Solutions, Contained Fluids,
Partially Filled Containers, Container Shape, Propellant Tanks,
Free Surface, Surface Tension, Spin-Stabilized Satellites, Spin-
ning Containers, Rotating Fluids, Sloshing, Fluid Management,
Liquid Dynamic Response, Acceleration Effects, Solid/Liquid In-
terface, Liquid/Gas Interface, Vacuum, Hardware Malfunction,
Sample Not Processed As Planned
Number of Samples: one setup, three runs
Sample Materials: aqueous solution
Container Materials: clear acrylic
Experiment/Material Applications:
This research is related to liquid propellant sloshing in spin-
stablized satellites. More specifically, the research sought to
model the liquid slosh created in the COMSAT INTELSAT IV com-
munications satellite as the vehicle underwent altitude
maneuvers.
Reportedly, "This experiment will do much to help assess and
quantify a very important problem in spacecraft dynamics." (I, p.
4)
References/Applicable Publications:
(i) Thames, M., Moul, D., and Birman, B.: Penn State Get Away
Special G-62. In NASA Goddard Space Flight Center's 1984 Getaway
Special Experimenter's Symposium, August 1-2, 1984, pp. 1-8, NASA
CP-2324, pp. 1-8. (preflight)
(2) NASA Space Shuttle Mission 61-C Press Kit, December 1985, p.
16. (preflight; very short description)
(3) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report # EAC-TR-
RWR 87-11, October 2, 1987. (Get Away Special canister mission
history)
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(4) Input received from Principal Investigator M. Thames, July
1993.
Contact(s):
M. Thames, B. Birman, D. Moul
Martin Marietta Astrospace
P.O. Box 8555
Philadelphia, PA 19101
Tom Seliga
Penn State University
College of Engineering
i01 Hammond
University Park, PA 16802
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Prlnolpal Investlgator(s): Wesley, F. (1)
Co-Investlgator(s): Yoel, D. (Payload Manager and Builder of
Hardware) (2), Students from The High School for Engineering (3)
Affillatlon(s): (1) Principal, Booker T. Washington High School,
Houston, Texas; (2) During STS-032: Get Away Special Services,
Seattle, Washington, Currently: Heatherington Inc., Ventura,
California; (3) Houston, Texas
Experiment Origin: USA
Mission: STS Launch #24, STS-032 (STS 61-C, Columbia)
Launch Dats/Expt. Date: January 1986
Launched From: NASA Kennedy Space Center, Florida
Payload Type: High School Student Experiment
NASA Get Away Special (GAS) Canister G-332
Volume of Canister: 2.5 cubic feet
Location of Canister: STS Payload Bay (carried on the standard
NASA GAS Bridge Carrier System)
Primary Developer/Sponsor of G-332: Booker T. Washington High
School, Houston, Texas/ The High School for Engineering, Houston,
Texas
Processing Facility: Heated fluid chamber
Builder of Processing Facility: Get Away Special Services, cur-
rently located in Moore Park, California
Experiment:
Fluid/Air Interaction Experiment
This experiment was one of two investigations housed within the
G-332 Get Away Special Canister during STS-032. The other ex-
periment in the canister is not applicable to this data base.
Very little information could be located which described the ob-
jectives and setup of this fluid/air interaction experiment. A
document published prior to the launch of the STS-032 mission
described the expected experimental scenario:
This "fluid physics experiment.., will examine the behaviour of
fluid when heated in microgravity. As the fluid chamber is
heated to cause temperature gradients, readings and photographs
will be taken at predetermined intervals." (1, p. 17)
A document published post-flight reported that the experiment was
not performed during the mission. "The interface connector for
the Orbiter harness was wired incorrectly: pins B and C were con-
nected instead of A and B. The Controller turned on but the bat L
teries were not connected to the experiments." (2, p. 38)
No further information concerning this experiment appears to be
available.
12-305
Key Words: Fluid Physics, Liquid/Gas Interface, Thermal Gradient,
Thermocapillary Convection, Partially Filled Containers, Con-
tained Fluids, Sample Not Processed As Planned
Number of Samples: unclear, probably one
Sample Materials: unknown
Container Materials: unknown
Experiment/Material Applications:
Unspecified.
References/Applicable Publications:
(i) Space Shuttle Mission 61-C, NASA Press Kit, December 1985, p.
17. (preflight)
(2) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR 87-11, October 2, 1987. (Get Away Special canister mission
history)
Contact(s) z
Franklin Wesley
Booker T. Washington
High School
119 East 39th Street
Houston, TX 77018
David Yoel
Heatherington Inc.
4171 Market Street
Suite C-I
Ventura, CA 93003
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Principal Investigator(s): Lichtenbelt, J. H. (1), Dijkstra,
H. A. (2)
Co-Investigator(s): None
Affiliation(s): (1,2) During MASER 1: Universiteit Groningen,
Department of Chemical Engineering, The Netherlands; (i)
Currently: AVEBE Research, Veendam, The Netherlands; (2)
Currently: Department of Physics and Astronomy, University of
Utrecht, The Netherlands
Experiment Origin: The Netherlands
Mission: MASER 1
Launch Date/Expt. Date: March 1987
Launched From: Esrange, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Fluid Science Module (FSM)
Builder of Processing Facility: Saab Space, AB, Link6ping, Sweden
Experiment:
Three-dimensional Maranqoni Convection
This MASER 1 experiment was the second in a series of investiga-
tions designed by Lichtenbelt and/or Drinkenburg et al. to study
concentration-driven Marangoni convection in a reduced gravity
environment (see Drinkenburg, STS 61-A (this chapter)). The
specific objective of the experiment was "...to visualize Maran-
goni convection flows coupled to a mass transfer from a liquid to
a gas." (9, p. 74) The experiment was one of three investiga-
tions performed within the MASER Fluid Science Module (FSM)
during the mission (see also Wozniak, MASER 1 (this chapter) and
Aalto, MASER 1 (Chapter 15)).
One experiment cell within the FSM was dedicated to this Maran-
goni convection investigation. The cell, which had a 4-cm inner
diameter and was 4-cm deep, contained a dilute (3 vol-%) acetone-
water solution and two 4-mm diameter "gaspipes."
Reportedly, just after the low-gravity phase of the mission had
been attained, air flow between the two pipes created a single
gas bubble of 5-mm diameter in the liquid between the gaspipes.
A short time after the bubble was created, the acetone began to
evaporate into the bubble. Using the gaspipes and an air-
pump/air-filter system in a closed loop, a minimum amount of air
flow through the gas bubble was maintained. This airstream ven-
tilated the bubble and maintained a low concentration of acetone
within the bubble.
As the evaporation of the acetone occurred, an acetone concentra-
tion gradient was created near the acetone-bubble (or gas-liquid)
interface. Subsequent Marangoni convection, generated by
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concentration-induced surface tension differences, was filmed
using a television-camera/mirror assembly. It appears that the
assembly was configured to obtain a front and a top view of the
bubble. Tracer particles within the acetone, coupled with a spe-
cialized lighting system, allowed visualization of the flow.
Real-time data from the television camera was transmitted to the
ground via an S-band video link.
It was reported that the experiment "performed well." Two dis-
tinct types of flows were observed during the low-gravity phase
of the flight. "Mainly large roll cells were formed [in the bulk
solution] with dimensions of up to 15 mm .... " (6, p. 367) Four
roll cells could be seen in the available two-dimensional picture
of the flow pattern (refer to Reference (9) for a drawing of the
flow pattern). "Later on, a totally different behaviour was ob-
served around a stable bubble; liquid flow first occurred from
the gas outlet toward the gas inlet along the bubble.., and then
decreased and stopped completely." (9, p. 74)>
It was noted that gas flow velocity highly affected experiment
results. If the air flow was small, a high concentration gradient
occurred: "...the acetone concentration in the gas increases
along the bubble and generates concentration and thus surface
tension gradients at the liquid surface (lower surface tension
near the outlet pipe.)" (9, p. 74) If the air flow was large,
very little concentration gradient resulted: "...the acetone con-
centration is approximately zero in the bubble and the convection
pattern originates from Marangoni instabilities." (9, p. 74)
<Note: The apparatus did not have the capability to actively
vary air flow. It appears that the gas flow velocity values
fluctuated because of unexpected liquid in the gas circuit. "The
flow of the gas through the bubble was not measured during
flight. Besides it could not be reconstructed on earth because
more than once some liquid was present in the gas circuit dis-
turbing the flow rate. From the time rate of bubble creation...
an impression of the flow rate... [could be estimated]. Cer-
tainly the flow rate... [was] small enough such that tangential
stresses due to the gas flow are small compared to tangential
stresses created by the Marangoni effect." (2, p. 186)>
Further preliminary discussions of the results were presented:
"The onset of the Marangoni convection due to concentration
gradients... [was] fast (<<i sec) and the velocities... [were]
typical[ly] 6 mm/sec for a 3 vol% acetone solution in water. The
different lifetimes of the [two types of] air bubbles...
[provided] more information than [was] planned. This type of
Marangoni convection, with large velocities (about 6 mm/sec),
will be responsible for an increase in mass transfer in packed
columns for a positive system. This will be due to a strong...
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[enhancement] of the mass transfer coefficient by this extra con-
vection compared to diffusion. This conclusion will be especially
true for stagnant phases in the packed columns." (i, p. 14)
<Note: It was not clear from available references what "packed
columns" referred to but Reference (i0) verified that it referred
to packed columns typically used for purification processes (see
Drinkenburg, STS 61-A (this chapter)).>
Key Words: Fluid Physics, Liquid/Gas Interface, Gas Injection,
Bubbles, Bubble Formation, Bubble Stability, Surface Tension,
Marangoni Convection, Solutal Gradients, Mass Transfer, Evapora-
tion, Flow Velocity, Tracer Particles, Contained Fluids
Number of Samples: one experimental setup
Sample Material: Dilute acetone-water solution. Small tracer
particles in the solution made visualization possible.
Crucible/Container Material: _periment cell: unknown. The gas
pipes were coated with Teflon _.
Experiment/Material Applications:
"Mass transfers are of great importance in technological
processes but the theoretical models used [to describe such
transfers] generally assume linear variations of the mass trans-
fer coefficients. In fact, surface tension and density effects
induce convection flows in the liquids, usually thin films, which
deeply modify these coefficients." (9, p. 74)
See also Drinkenburg, STS 61-A.
References/Applicable Publications:
(i) Zaar, J. and Anggard, K.: MASER and It's Effectiveness and
Experimental Results. October 13-14, 1987. Japan Space Utiliza-
tion Promotion Center (JSUP), 32 pp. (post-flight; short
description)
(2) Dijkstra, H. A. and Lichtenbelt, J. H.: Mass Transfer Driven
Marangoni Convection Under Microgravity. Appl. Microgravity
Tech., I (1988), 4, pp. 180-187. (post-flight)
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(3) Lichtenbelt, J. H.: Improvement of Flight Hardware and
Isothermal Marangoni Convection Under Microgravity Conditions.
Adv. Space Res., Vol. 6, No. 5, 1986, pp. 97-100. (related
research)
(4) J6nsson, R.: The Microgravity Program in Sweden-Emphasis on
the Materials Rocket Maser. In 15th International Symposium on
Space Technology and Science, Japan, Tokyo, May 19-23, 1986, pp.
2099-2110. (preflight)
(5) Zaar, J., Bj6rn, L., and J6nsson, R.: Preliminary MASER 1
Results and the Evolution of the MASER Programme. In Proceedings
of the 8th ESA Symposium on European Rocket and Balloon
Programmes and Related Research, Sunne, Sweden, May 17-23, 1987,
ESA SP-270, pp. 359-361. (post-flight; very short description)
(6) Grunditz, H.: Flight Results of the ESA Experiment Modules in
MASER i. In Proceedings of the 8th ESA Symposium on European
Rocket and Balloon Programmes and Related Research, Sunne,
Sweden, May 17-23, 1987, ESA SP-270, pp. 363-367. (post-flight)
(7) Grunditz, H.: Experiment Equipment for Metallurgy and Fluid
Science Studies Under Microgravity. 37th Congress of the Inter-
national Astronautical Federation, Innsbruck, Austria, October 4-
Ii, 1986. (preflight)
(8) J6nsson, R.: SSC Microgravity Sounding Rocket Program MASER.
In 37th Congress of the International Astronautical Federation,
Innsbruck, Austria, October 4-11, 1986. (preflight)
(9) Three Dimensional Marangoni Convection. In Summary Review of
Sounding Rocket Experiments in Fluid Science and Materials
Sciences, ESA SP-I132, February 1991, pp. 74-75. (post-flight)
(I0) Input received from Experiment Investigator, August 1993.
Contact(s):
Dr. J. H. Lichtenbelt
AVEBE Research
Veendam
The Netherlands
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Principal Investigator(s}: Wozniak, G. (i)
Co-Investigator(s}: Siekmann, J. (2)
Affiliation(s)= (1,2) Universit_t-GH-Essen, Germany
Experiment Origin: Federal Republic of Germany
Mission: MASER 1
Launch Date/Expt. Date: March 1987
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Fluid Science Module (FSM): The thermocapil-
lary drop motion experiment was one of three experiments per-
formed within the FSM. This experiment employed an experiment
cell, droplet injector, heating and cooling facility, and a
camera/illumination system.
Builder of Processing Facility: Saab Space, AB, Link6ping, Sweden
Experiment:
Thermocapillary Drop Motion
On Earth, droplet motion caused by thermocapillary forces is
largely masked by gravity-driven buoyancy forces.
This MASER 1 experiment was the third in a series of investiga-
tions designed by Wozniak and/or N_hle and/or Neuhaus et al. to
study the thermocapillary convective motion of particles in liq-
uids (see N_hle (STS 61-A and Neuhaus, STS 61-A (both in this
chapter)). The overall goal of this experiment was to
demonstrate and study droplet motion induced by thermal varia-
tions in interfacial tension at a droplet contour The objec-
tives included (1) the verification of the theory of Young et al.
(which described thermocapillary particle motion for droplets at
low Reynolds numbers, Re, and low Marangoni numbers, Ma), (2) the
procurement of data to test theories for higher Re and Ma numbers
(numerical models), and (3) the verification of the MASER ex-
perimental setup including a droplet injector, heating and cool-
ing facility, and camera/illumination visualization system.
The experiment was one of three investigations housed in the
MASER Fluid Science Module (FSM) during the mission. (The other
two experiments are detailed under Lichtenbelt, MASER 1 (this
chapter) and Aalto, MASER 1 (Chapter 15)). One (60 x 26 x 12
mm _) test cell, which contained an aqueous ethanol (alcohol and
water) solution, was used for the investigation. A droplet in-
jector attached to the test cell was configured to deploy small
drops of paraffin oil into the solution. Reportedly, "The water
content of the aqueous ethanol solution was matched such that
the... [solution] and the droplet liquid exhibited equal den-
sities at a temperature of approximately 22 °C." (3, p. 174)
("The use of liquids exhibiting approximately equal densities
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gives an additional reduction of the influence of buoyancy forces
due to residual gravity on the thermocapillary droplet motion."
(3, p. 175))
Two minutes prior to rocket launch, the ethanol solution was
preheated. During the low-gravity phase of the rocket flight,
one wall of the cell was heated by a resistance heater and the
opposite wall was passively cooled by conduction (using a phase
transition material (paraffin wax)). After approximately 5 of
the 7 minutes of low-gravity time available during the flight, a
steady, linear thermal gradient had been achieved. (Five ther-
mocouples located near one of the lateral walls measured the
thermal gradient in the liquid (approximately 7 °C/cm).) Once the
gradient was established, small drops of paraffin oil (ranging in
size from 1 to 2.5 mm in diameter) were to be injected into the
alcohol-water solution "...using an injection needle traversing
horizontally through the liquid matrix, releasing the droplets by
short acceleration pulses .... The intention was to inject 5
droplets with gradually increasing diameter over the cell length
of 6 cm leaving a distance of 1 cm between the particles." (3, p.
174)
The resulting drop motion was documented by a TV camera. (A spe-
cialized illumination system associated with the experiment made
visualization of the motion possible.) Real-time data taken by
the camera was transmitted to the ground via an S-band video
link.
Reportedly, only two paraffin drops were deployed. It was
suspected that overheating of the FSM, which had occurred during
rocket launch count-down, "...caused an over pressure in the ex-
periment chamber. The overheating of the Fluid Science Module
was due to larger heat transport from the GEODE module than an-
ticipated. [<Note: More information on GEODE can be found under
Redden, MASER 1 (Chapter 9).>] Because of the overpressure, al-
cohol was pressed into the drop injector. This disturbed the
function of the drop injector such that the first three drops
probably consisted of alcohol, and the fourth one of paraffin
contaminated with alcohol. The fifth drop was pure paraffin and
was injected correctly." (i, p. 15)
It was reported that the fact that the fourth drop (2.2 mm
diameter) did not move was distinct proof that the residual
gravity had no influence on the motion of the fifth (3.1 mm
diameter, pure paraffin oil) drop. This fifth drop was driven
only by thermocapillarity and moved toward the direction of in-
creasing temperature (hot wall) at a slow, steady speed of
(approximately) 0.078 mm/sec. The corresponding Young velocity
(for a drop of the same diameter and in a similar temperature
gradient) was cited as 0.082 mm/sec. Excerpts (cited in
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Reference (i)) from one of Wozniak's papers reported that "the
experimentally obtained drop velocity is in satisfactory agree-
ment with the velocity prediction of classical theory [of Young
et al.] .... This theory is only valid for Mg- and Re-numbers
equal to zero. The computation of the velocity by a numerical
model which takes finite Re- and Mg-numbers into account, is
still in preparation." (i, p. 16)
<Note: It is presumed that Mg refers to Marangoni number al-
though the usual denotation is Ma.>
Encouraging results from this experiment prompted the inves-
tigators to perform further investigations on MASER 2 (see Woz-
niak, MASER 2).
Key Words: Fluid Physics, Aqueous Solutions, Liquid/Liquid Inter-
face, Drops, Surface Tension, Interfacial Tension, Buoyancy Ef-
fects Diminished, Marangoni Convection, Thermocapillary Convec-
tion, Particle Motion, Marangoni Movement of Droplets, Thermal
Gradient, Resistance Heating, Passive Cooling, Conduction, Drop
Formation, Liquid Injection, Liquid Expulsion Through a Small
Orifice, Droplet Size, Droplet Injection, Drop Velocity, Con-
tained Fluids, Acceleration Effects, Illumination System, Con-
tamination Source, Hardware Malfunction
Number of Samples: One setup, five drops expected, two attained
Sample Materials: Alcohol-water (ethanol) solution (designated as
the matrix solution), paraffin oil drops injected into matrix
solution.
Contaimer Materials: Heating and cooling walls-aluminum; lateral
walls: Teflon_*'*; the cell was enclosed by glass of optical
quality.
Experiment/Material Applications:
This research is applicable to the study of (i) droplet motion
and positioning in alloys, two-component melts, etc., and (2)
degassing of molten materials (e.g., glass melts during con-
tainerless space processing).
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the Evolution of the _ASER Programme. In Proceedings of the 8th
ESA Symposium on European Rocket and Balloon Programmes and Re-
lated Research, Sunne, Sweden, May 17-23, 1987, ESA SP-270, pp.
359-361. (post-flight; very short description)
(8) Grunditz, H.: Flight Results of the ESA Experiment Modules in
MASER i. In Proceedings of the 8th European Symposium on
European Rocket and Balloon Programmes and Related Research,
Sunne, Sweden, May 17-23, 1987, ESA SP-270, pp. 363-367. (post-
flight)
(9) Grunditz, H.: Experiment Equipment for Metallurgy and Fluid
Science Studies Under Microgravity. 37th Congress of the Inter-
national Astronautical Federation, Innsbruck, Austria, October 4-
ii, 1986. (preflight)
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(I0) J6nsson, R.: SSC Microgravity Sounding Rocket Program MASER.
37th Congress of the International Astronautical Federation, In-
nsbruck, Austria, October 4-11, 1986. (preflight)
(ii) Thermocapillary Drop Motion I. In Summary Review of Sound-
ing Rocket Experiments in Fluid Science and Materials Sciences,
ESA SP-II32, February 1991, pp. 78-79. (post-flight)
Contact(s):
Dr.-Ing. G. Wozniak
Universit_t-GH-Essen
Fachbereich-12 Mechanik
Sch_tzenbahn 70
D-4300 Essen 1
Germany
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Prinoipal Investigator(s): Wozniak, G. (1)
Co-Investigator(s): Siekmann, J. (2)
Affiliation(s) z (1,2) Universit_t-GH-Essen, Germany
Experiment Origin: Federal Republic of Germany
Mission: MASER 2
Launch Date/Expt. Date: February 1988
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Fluid Science Module (FSM): The thermocapil-
lary drop motion experiment was one of two experiments performed
within the FSM. This experiment employed an experiment cell,
droplet injector, heating and cooling facility, and a
camera/illumination system.
Builder of Processing FaQility: Saab Space, AB, Link6ping, Sweden
Experiment:
Thermocapillary Drop Motion
This MASER 2 experiment was the fourth in a series of investiga-
tions designed by Wozniak and/or N_hle and/or Neuhaus et al. to
study the thermocapillary convective motion of particles in liq-
uid. The overall goal of the experiment was to demonstrate and
study droplet motion induced by thermal variations in interfacial
tension at a droplet contour (see N_hle, STS 61-A, Neuhaus, STS
61-A, and Wozniak, MASER 1 (all in this chapter)).
The objectives were the same as those listed under Wozniak, MASER
1 and included: (i) the verification of the theory of Young et
al. which described thermocapillary particle motion for droplets
at low Reynolds numbers, Re, and low Marangoni numbers, Ma, (2)
the procurement of data to test theories for higher Re and Ma
numbers (numerical models), and (3) the verification of the MASER
experimental setup including a droplet injector, heating and
cooling facility, and camera/illumination visualization system.
The experiment was one of two investigations housed in the MASER
Fluid Science Module (FSM) during the mission. (The other ex-
periment is detailed under Janssen, MASER 2 (this chapter). ) One
(60 x 26 x 15 mm _) test cell, which contained an aqueous ethanol
(alcohol and water) solution, was used for the investigation. A
droplet injector attached to the test cell was configured to
deploy small drops of paraffin oil into the solution.
Reportedly, "The water content of the aqueous ethanol solution
was matched such that the... [solution] and the droplet liquid
exhibited equal densities at a temperature of approximately 22
°C." (3, p. 174)
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Two minutes prior to rocket launch, the ethanol solution was
preheated. During this preheating, a nominal temperature
gradient resulted in the cell. "The strong accelerations after
launch (before the onset of microgravity) resulted in intensive
convection flows that were visible by changes in the refractive
index of the liquid as...[observed] from the distortion back-
ground grid pattern in the cell. During this phase, an unex-
pected, off-nominal condition developed by the ingestion of gas
bubbles at the right lateral wall, apparently through the elastic
seal around the filling tube connected to the cell. There were
seven gas bubbles, the largest 5.5 mm in diameter, which im-
mediately after entering the cell moved toward the hot wall and
remained there." (3, p. 174)
During the low-gravity phase of the rocket flight, one wall of
the cell was heated by a resistance heater and the opposite wall
was passively cooled by conduction (using a phase transition
material (paraffin wax)). After approximately 5 of the 7 minutes
of low-gravity time available during the flight, small drops of
paraffin oil (ranging in size from 1 to 4.0 mm in diameter) were
to be injected into the alcohol-water solution "...using an in-
jection needle traversing horizontally through the liquid matrix,
releasing the droplets by short acceleration pulses .... The in-
tention was to inject 5 droplets with gradually increasing
diameter over the cell length of 6 cm leaving a distance of 1 cm
between the particles." (3, p. 174)
Reportedly, "At the beginning of the injection process, the tip
of the injection needle which was initially at rest and situated
behind a membrane before droplet motion, carried a small air
bubble into the cell. Thus, the injection of the first droplet
resulted in an introduction of a small air bubble which moved
relatively fast toward the warm wall, where it remained. The
next three droplets were injected nominally with sizes between
1.6 mm and 2.4 mm in diameter." (3, p. 174) The fifth (and
largest drop) was not injected because (for some unknown reason)
the injector needled "stopped".
"Because of the air bubbles attached to the heating wall the
thermal profile... [was disturbed near the location of the
bubbles. ] However, the three paraffin droplets moved parallel to
the temperature gradient in the direction toward the hot side.
The temperature gradients were fairly linear at both sides of the
test cell and exhibited approximately the same values." (3, p.
174)
The resultant thermocapillary-driven drop motion was documented
by a TV camera. (A specialized illumination system associated
with the experiment made visualization of the motion possible.)
Real-time data taken by the camera was transmitted to the ground
12-317
via an S-band video link.
It was reported that (i) the video-to-ground link failed three
times during the mission, resulting in several seconds of real-
time data loss and (2) interpretation of the video tape was
hampered by the quality of the video image.
"Postflight inspection of the video pictures revealed that the
air bubbles resulted from residual air trapped between two cell
wall plates. After retrieval and disassembling of the payload
the drop injector was examined, but the needle had moved to the
stop position, probably when the payload hit the ground. The
droplet injection was repeated and worked nominally on [the]
ground." (3, p. 174) No explanation as to why the malfunction
occurred could be found. <Note: Reference (4), p. 129, indi-
cated that residual air left in the filling tube was responsible
for the air bubbles.>
Because the "...three injected droplets moved vertically through
the liquid matrix in the direction of the hot wall, as theory
predicts... [it was concluded] that the gas bubbles had no in-
fluence on the thermocapillary movement of the droplets." (3, p.
175) For all three drops, the experimental droplet velocities
were slightly lower than those predicted by Young (when similar
drop size and temperature gradients were considered). Because
the bubbles moved essentially as predicted, the experiment con-
firmed the theory and provided further data to check numerical
models which simulated the motion.
Key Words: Fluid Physics, Aqueous Solutions, Liquid/Liquid Inter-
face, Liquid/Gas Interface, Drops, Surface Tension, Interfacial
Tension, Restance Heating, Passive Cooling, Conduction, Marangoni
Convection, Thermocapillary Convection, Particle Motion, Maran-
goni Movement of Droplets, Thermal Gradient, Drop Formation, Liq-
uid Injection, Liquid Expulsion Through a Small Orifice, Droplet
Size, Droplet Injection, Drop Velocity, Bubbles, Bubble Forma-
tion, Contained Fluids, Illumination System, Acceleration Ef-
fects, Launch-Induced Fluid Motion, Hardware Malfunction,
Photographic Difficulties
Number of Samples: one setup, five drops expected
Sample Materials: Alcohol-water (ethanol) solution (designated as
the matrix solution; paraffin oil drops were injected into matrix
solution.
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Container Mate_ls: Heating and cooling walls: aluminum; lateral
walls: Teflon _n. The cell was enclosed by glass of optical
quality.
Experiment/Material Applications:
See Wozniak, MASER i.
References/Applicable Publications:
(i) Zaar, J., and _nggard, K.: MASER and its Effectiveness and
Experimental Results. In: In Space '87, October 13-14, 1987,
Japan Space Utilization Promotion Center (JSUP), 32 pp.
(preflight; short description)
(2) Zaar, J. and Dreier, L.: MASER II Final Report, RMLO/1-7,
Swedish Space Corporation, Aug. 30, 1988.
(3) Wozniak, G. and siekmann, J.: Experimental Investigation of
Thermocapillary Droplet Motion in Reduced Gravity-Two Sounding
Rocket Experiments. Appl. Microgravity Tech., II (1989), 3, pp.
173-175. (post-flight)
(4) Wozniak, G. and Siekmann, J.: Experimental Investigation of
Thermocapillary Droplet Motion in Reduced Gravity Using Sounding
Rockets and Simulation Liquids. Israel 30th Conference on Avia-
tion and Astronautics, Tel Aviv and Haifa, pp. 125-130.
(postflight, MASER 1 and 2) (submitted to Acta Astronautica)
(5) Thermocapillary Drop Motion II. In Summary Review of Sound-
ing Rocket Experiments in Fluid Science and Materials Sciences,
ESA SP-1132, February 1991, pp. 80-81. (post-flight)
Papers describing other related work are listed below:
(6) Siekmann, J. and Wozniak, G.: Thermocapillary Bubble Migra-
tion at Higher Marangoni Numbers. Israel J. Technol., 23
(1986/1987), pp. 179-182.
(7) Wozniak, G., siekmann, J., and Srulijes, J.: Thermocapillary
Bubble and Drop Dynamics Under Reduced Gravity-Survey and
Prospects. Z. Flugwiss. Weltrumforsch. 12 (1988), pp. 137-144.
(8) Siekmann, J., Wozniak, G., Srulijes, J., N_hle, R., and
Neuhaus, D.: Experimental Investigation of Thermocapillary Bubble
and Drop Motion Under Microgravity Conditions, ESA SP-256,
(1987), pp. 179-182.
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(9) Szymczyk, J. A., Wozniak, G., and Siekmann, J.: On Marangoni
Bubble Motion at Higher Reynolds-and Marangoni Numbers Under
Microgravity. Appl. Microgravity Tech., I (1987), pp. 27-29.
(i0) Chun, C. H., Ehmann, M., Siekmann, J., and Wozniak, G.:
Vibrations of Rotating Menisci. Proceedings of the 6th European
Symposium on Material Sciences Under Conditions, ESA SP-256,
(1987), pp. 229-234.
(ii) Ehmann, M., Wozniak, G., and Siekmann, J.: Numerical
Analysis of the Thermocapillary Migration of a Fluid Particle Un-
der Zero-Gravity. Accepted to Archives of Mechanics.
(12) Input received from Principal Investigator G. Wozniak,
August 1988 and September 1989.
Contact(s):
Dr.-Ing. G. Wozniak or J. Siekmann
Universit_t-GH-Essen
Fachbereich-12 Mechanik
Sch_tzenbahn 70
D-4300 Essen 1
Germany
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Prinolpal Investlgator(s}: Janssen, L.P.B.M. (1)
Co-Investigator(s): Hoefsloot, H.C.J. (2)
Affiliation(s}: (1,2) Universiteit Groningen, Department of
Chemical Engineering, The Netherlands
Experiment Origin: The Netherlands
Mission: MASER 2
Launch Date/Expt. Date: February 1988
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Fa¢ilityz Fluid Science Module (FSM)
Builder of Processing Faaillty: Saab Space, Link6ping, Sweden
Experiment:
Three-Dimensional Maranqoni Convection
This MASER 2 experiment was the third in a series on investiga-
tions designed by Janssen and/or Drinkenburg and/or Lichtenbelt
et al. to study concentration-driven Marangoni convection in a
reduced gravity environment (see Drinkenburg, STS 61-A, Lichten-
belt, MASER 1 (both in this chapter)). The experiment was one of
two investigations performed within the MASER fluid Science
Module (FSM) during the mission (see also Wozniak, MASER 2 (this
chapter)).
The earlier MASER 1 experiment by Lichtenbelt illustrated Maran-
goni convective flows at a gas-bubble/fluid interface. In line
with this previous research, the specific objective of this MASER
2 experiment was "...to assess the influence of the bubble
diameter on convective patterns." (5, p. 76)
Three experiment cells within the FSM were dedicated to this
Marangoni convection investigation. Each of these cells (i) had
a 4-cm inner diameter and was 4-cm deep, and (2) contained a
dilute (3 vo1.%) acetone-water solution and two hollow tubes. At
the initiation of the experiment (reduced gravity conditions),
air-flow between the two pipes in each cell created a single gas
bubble in the liquid between the gaspipes. The bubble diameters
differed in each cell: (1) 3 mm, (2) 5 mm, and (3) 7 mm. A short
time after the bubble was deployed, the acetone began to
evaporate into the bubble.
Using the tubes and an air-pump/air-filter system in a closed
loop, a minimum amount of air flow through the gas bubble was
maintained. This airstream ventilated the bubble and maintained
a low concentration of acetone within the bubble.
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As the evaporation of the acetone occurred, an acetone concentra-
tion gradient was created near the acetone-bubble interface.
Subsequent Marangoni convection, generated by concentration-
induced, surface-tension differences, was filmed via a video
camera/mirror assembly. The assembly was configured to obtain a
front view of all three bubbles and a top view of the 3 mm and 7
mm bubbles. Tracer particles within the acetone, coupled with a
specialized lighting system, allowed visualization of the flow.
Real-time data from the video camera were transmitted to the
ground via an S-band video link.
It was reported that (i) these three cells within the FSM
operated as expected, (2) the video-to-ground link failed three
times during the mission (resulting in several seconds of real-
time data loss), and (3) interpretation of the video tape was
hampered by the quality of the video image. Characteristics of
each of the bubbles were presented in References (4) and (5).
The 7 mm Bubble
Front View:
After the bubble had been created, two large (torus-shaped) con-
vective roll cells developed quickly "at both sides of the
bubble." <Note: See Figure i, Reference (5).> These cells
remained throughout the duration of the low-gravity phase of the
experiment. Reportedly, "The velocities close to the interface
were of the order of 3 mm/sec." (5, p. 76)
Top View:
Random motion appears to have occurred (at least during the ini-
tial stages of the experiment). At the time Reference (3) was
written, no conclusions had been made concerning the motion.
The 5 mm Bubble:
(Only the Front View was Available)
Two large roll cells quickly appeared as in the 7 mm bubble.
(The velocities close to the interface were also of the order 3
cm/s. )
The 3 mm Bubble
Front View:
Video images illustrated that this bubble was unstable and con-
tinually changed shape (at times it was nearly cylindrical).
"The convective flow pattern...[changed] several times, [and]
some interrupted flow...[was] seen at the right hand side of the
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bubble." (4, Appendix 5, p. i0) Further, "...convective flows
started only slowly around the.., bubble .... Occasionally the
velocities observed were of the order of 3 mm/s. Frequently
strong flows occurred from one point of the interface towards the
container wall." (5, p. 76) <Note: a section of the above quote
may be referring to what was seen via the top view of the
bubble/solution setup (see below).>
Top View:
Although it was reported that the view in this direction was
available during the entire low-gravity phase of the experiment,
few details about the view were presented. It was mentioned that
there appeared to be "flow away from the bubble." <Note: The
meaning of "flow away from the bubble" was not clear.>
Preliminary conclusions presented in Reference (4) stated that
(i) "Convective flow patterns were detected around all three
bubbles...[and] (2) The onset of the convection was fast in all
cases." (4, Appendix 5, p. ii)
Further, in Reference (5) it was reported: "[Experimental]... ob-
servations show that the convective patterns do depend on the
bubble size. The differences to previous observations are inter-
preted as the result of air flow differences. The mechanical
shear stress on the interface increases with an increasing air
flow and becomes dominant in the case of the 5 and the 7 mm
bubbles in this experiment. In the case of the 5 mm bubble in
MASER 1 where the air flow was weaker, the surface tension ef-
fects counteracted this shear stress. The single spot Marangoni
flows around the 3 mm bubble are not yet clearly understood but
are thought to originate in microscale effects." (5, p. 76)
Key Words: Fluid Physics, Aqueous Solutions, Liquid/Gas Inter-
face, Gas Injection, Bubbles, Bubble Formation, Bubble Stability,
Surface Tension, Surface Tension Gradients, Surface Tension-
Driven Convection, Cellular Convection, Marangoni Convection,
Solutal Gradients, Concentration Distribution, Mass Transfer,
Evaporation, Flow Velocity, Tracer Particles, Contained Fluids,
Illumination System, Photographic Difficulties
Number of Samples: three
Sample Materials: Each cell contained a dilute solution of
acetone and water. A single gas bubble (either 3 mm, 5 mm, or 7
mm in diameter) was deployed into each cell.
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Container Materials: unknown
Experiment/Material Applications:
Although applicable publications did not detail the applications
of this research, the investigator's other related work
(Reference (3)) seems to imply that the results of this research
would be useful in experiments pertaining to the creation of
small, spherical shells.
See also Lichtenbelt, MASER 1 and Drinkenburg, STS 61-A.
References/Applicable Publications:
(i) Zaar, J. and Anggard, K.: MASER and Its Effectiveness and Ex-
perimental Results. In: In Space '87, October 13-14, 1987, Japan
Space Utilization Promotion Center (JSUP), 32 pp. (short
description; preflight)
(2) Zaar, J. and Dreier, L.: MASER II Final Report/RMLOI-7,
Swedish Space Corporation, August, 30, 1988. (post-flight)
(3) Hoefsloot, H.C.J. and Hoogstraten H. W.: Marangoni In-
stability in Spherical Shells. Appl. Microgravity Tech., II
(1989), 2. (analytical research only)
(4) Marangoni Convection Due to Concentration Gradients. In
MASER II Final Report/RMLOi-7, Swedish Space Corporation, August
30, 1988, Appendix 5, pp. 9-11. (post-flight)
(5) Three Dimensional Marangoni Convection. In Summary Review of
Sounding Rocket Experiments in Fluid Science and Materials
Sciences, ESA SP-I132, February 1991, pp. 76-77. (post-flight)
Contact(s):
Dr. L.P.B.M. Janssen or H.C.J. Hoefsloot
Chemical Eng. Laboratorium der
Universiteit Groningen
Nyenborgh 16
NL 9747 AG Groningen
The Netherlands
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CHAPTER 13
LIQUID PHASE SINTERING
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Princlpal Investlgator(s): Rossitto, F. (1)
Co-Investigator(s): Unknown
Affillation(s): (1) CIRS, Politecnico di Milano, Milano, Italy
Experiment Origin_ Italy
Mission: TEXUS 8
Launch Date/Expt Date: May 1983
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 02-1A (which
contained a rocket furnace)
Builder of Processing Facility: Unclear, possibly Messerschmitt-
Boelkow-Blohm (MBB/ERNO), Bremen, Germany
Experiment:
Liquid Phase Sinterinq
This TEXUS 8 experiment was the first in a series of investiga-
tions designed by Rossitto to study the liquid flow and particle
rearrangement which occur during the initial stages of the liquid
phase sintering process. The specific objective of the experi-
ment was to evaluate the importance of capillary forces on the
rearrangement and densification of metallic powders/spheres.
Prior to the rocket flight, sixteen samples were prepared. Some
of these samples were comprised of tungsten spheres (150 or 300
microns diameter) and the rest of the samples were comprised of
tungsten technical powders (25 microns average diameter). <Note:
It appears (from photographs of the samples in Reference (2))
that each of these samples were cylindrical in shape.> All of
the tungsten spheres and powders were coated with either Cu or Ag
(15 or 30 volume percent). <Note: It is not clear which sample
materials received the Cu coating and which received the Ag coat-
ing.> Each sample was inserted into a 3-mm diameter hole drilled
in a boron nitride cylinder. <Note: It appears (from photographs
in Reference (2)) that the configuration of the cylindrical
sample within the hole allowed the sample to be processed as a
liquid bridge system (fixed cylindrical ends, free-surface along
circumference of the cylinder).> Four such holes were drilled
into a single boron nitride cylinder. The cylinders were con-
tained within Ni cartridges.
During the mission, the samples were processed in the isothermal
zone of the TEM 02-1A rocket furnace. While under low-gravity
conditions, "...the samples were heated above the melting point
of copper for 60 s and then rapidly cooled. Similar experiments
were carried out on Earth." (2, p. 310)
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Post-flight examination of the flight samples included (i) mac-
roscopic investigations (overall dimensions, local shrinkage
characteristics, second phase distribution, and densification)
and (2) microscopic investigations (spatial arrangement, impurity
analysis, correlation of the characteristics with volume frac-
tion, and the shape of the frozen menisci).
It was reported that the low-gravity processed samples "...showed
a very good homogeneity in the sphere arrangement and in the
second phase distribution, high densification (up to the
theoretical density), and isotropy in the shrinkage. The final
sphere arrangement was axially homogeneous and radial variations
could be correlated with the local amount of the second phase,
with transitions from s.c. [simple cubic] to b.c.c. [body-
centered cubic] and f.c.c. [face-centered cubic] at the predicted
values of the liquid volume fraction." (2, p. 310)
In contrast to the low-gravity results, examination of the
ground-processed samples indicated a significant instability in
the distribution of second-phase material. This instability was
attributed to "...the expulsion of the liquid that induced the
coalescence of the liquid bridges with continuous variation of
the spatial arrangement along the sample and, accordingly, both
radial and axial anisotropy of the shrinkage." (2, p. 310)
No further information concerning the post-flight analysis of the
samples could be located at this time.
Key Words: Liquid Phase Sintering, Melt and Solidification, Com-
posites with Solid Particles, Coated Particles, Metals and Al-
loys, Isothermal Processing, Two-Phase System, Binary Systems,
Liquid Bridges, Free Surface, Surface Tension, Meniscus Shape,
Capillary Forces, Powder Metallurgy, Powders, Spheres, Coated
Surfaces, Homogeneous Dispersion, Particle Dispersion, Particle
Transport, Particle Distribution, Sample Shrinkage, Solid/Liquid
Interface
NUmber of Samples: sixteen
Sample Materials: Samples comprised of tungsten spheres and
samples comprised of tungsten technical powders. The samples
were coated with either Cu or Ag (15 or 30 vol.%) (see <Notes>
above).
(W*Cu*, W*Ag*)
Container Materials: Crucible: boron nitride; cartridge material:
nickel
(B.N*, Ni*)
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Experlment/Materlal Applications:
The reasons why tungsten spheres and powders were used in con-
junction with a Cu or Ag coating were not presented in the avail-
able publications.
References/Appllcable Publications:
(1) Ossi, P. M., Rossitto, F., Roberti, R., and Silva, G.: An
Analysis of the Driving Forces in Liquid Phase Sintering. In
Proceedings of the 4th European Symposium on Material Sciences
Under Microgravity, Madrid, Spain, April 5-8, 1983, p. 343.
(preflight, experiment proposal)
(2) Liquid Phase Sintering. In Summary Review of Sounding Rocket
Experiments in Fluid Science and Materials Sciences, TEXUS 1 to
20, MASER 1 and 2, ESA SP-I132, February 1991, pp. 310-311.
(post-flight)
Contact(s):
F. Rossito
Politecnico di Milano
Via Ponzio 34/3
1-20133 Milano
Italy
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Principal Investigator(s) t Fredriksson, H. (1), Ekbom, L. B. (2)
Co-Investigator(s): Unknown, possibly: Eliasson, A. (3)
Affillation(s): (1,3) Department of Casting of Metals, Royal In-
stitute of Technology (RIT), Stockholm, Sweden; (2) During TEXUS
10: Department of Casting of Metals, Royal Institute of Technol-
ogy (RIT), Currently: National Defense Research Institute, Stock-
holm, Sweden
Experiment Origin: Sweden
Mission: TEXUS i0
Launch Date/Expt. Date: May 1984
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Swedish TEXUS experiment module containing
the High Temperature Mirror Furnace (HTMF)
Builder of Processing Facility: Swedish Space Corporation, Solna,
Sweden
Experiment:
Composites From Hiqh Temperature Meltinq Point Alloys
<Note: References (i), (2), and (5) (written by Ekbom et al.) ap-
pear to describe the objectives and results of this TEXUS i0 ex-
periment. However, these references are not in agreement on all
facts. These disagreements are highlighted below.>
"On Earth, W-Ni-Fe composites with a W content in the range of
90-97% are produced from powders by liquid phase sintering and
consist of almost spherical particles of W in a W-Ni-Fe matrix.
To understand the sintering mechanism it is interesting to study
composites with a low content of W particles. However, the
sedimentation of the W particles in the liquid matrix can only be
avoided in microgravity. In such conditions, the influence of
surface energy, crystallographic anisotropy and attraction be-
tween particles can be studied." (5, p. 312)
This TEXUS i0 experiment was one in a series of investigations
designed by Fredriksson to study low-gravity solidification
phenomena (see Fredriksson, TEXUS I, TEXUS 2, TEXUS 3, TEXUS 3b,
TEXUS 5, TEXUS 7, Spacelab 1 (Chapters 14 and 17)). The experi-
ment was also the first in a series of investigations which ex-
amined low-gravity liquid phase sintering of a tungsten composite
(see Ekbom, TEXUS 16 (this chapter)).
The specific objective of the TEXUS i0 experiment was to inves-
tigate sintering phenomena (e.g., particle separation, particle
growth, and the influence of surface energies) in materials with
a low particle fraction.
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Prior to the rocket launch, two samples were powder-
metallurgically-produced from a mixture of pure W powder
(approximately 2.5 microns in diameter) and a prefabricated,
atomized matrix of Ni-Fe-W-Co alloy powder (approximately 50
microns in diameter). Sample 1 contained 25 vol.% W particles,
and sample 2 contained 50 vol.% W particles. (A complete discus-
sion of sample preparation procedures is located in References
(i) and (2).) After preparation, the samples were placed in
plasma sprayed alumina crucibles and configured in the Swedish
Module High Temperature Mirror Furnace (HTMF).
References (2) and (5) reported that during the low-gravity phase
of the rocket flight, sample 1 was molten for 12 seconds and
sample 2 for 60 seconds (the melting point of the matrix alloy is
1460 °C). <Note: Reference (i) reports sample 1 was molten for
20 seconds and sample 2 was molten for 50 seconds.> Both samples
were solidified prior to the end of the low-gravity portion of
the flight. Reference samples were processed on Earth for com-
parison.
Post-flight examination of the low-gravity processed samples in-
dicated that "Both samples exhibited large shrinkage holes in
their central part. However, there was an even distribution of W
particles, showing that no surface tension driven segregation oc-
curred. The initially uneven distribution had become even during
the short liquid phase sintering period. This indicated that the
particles were well wetted by the molten matrix and that the dis-
integration of the agglomerates was effective. Due to a non-
equilibrium reaction, some of the particles dissolved in the mol-
ten matrix,... [though] its W content increased to 27%." (5, p.
312) W particle agglomerations separated and grew from 2.5
microns (their pre-processed size) to about 7 or 8 microns in
less than 1 minute (References (i) and (5)). <Note: Reference
(2) indicated that "The tungsten particles have grown from around
3 _m to spheres around i0 _m in diameter in less than a minute".>
"In both samples, W particles partly joined by a grain boundary
or separated only by a narrow layer of matrix can be observed.
This could be the result of a surface tension driven reaction."
(5, p. 312) The separation was attributed to strong capillary
forces of the molten matrix which effectively force the tungsten
particles apart (see Reference (i), p. (12)316). Quantitative
evaluation of particle growth was included in Reference (-i).
Growth and separation in the low-gravity processed samples may
also have been facilitated by the low tungsten content (15%) of
the matrix.
The number of particles which formed agglomerates was sig-
nificantly lower in the rocket samples than in the l-g processed
samples. This reduced agglomeration indicated good separation of
the tungsten particles due to liquid phase penetration and frag-
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mentation of particle agglomerates. "After melting under
microgravity both compositions show an even distribution of
tungsten particles .... " (2) The particle size distribution for
sample 1 was significantly different than that observed in the
ground-based sample.
Reportedly, the results indicated that the low-gravity processed
samples underwent rapid separation and growth. Ground-based
processing resulted Sn "...particle growth somewhat slower than
the cubic law (t - D_). The growth rate increases with increas-
ing particle fraction. The particle separation and disintegra-
tion is fast but is combined with sedimentation of the particle."
(i, p. (12)318) It was speculated that sedimentation would in-
crease the rate of particle growth since motion would enhance
diffusion. "However, the investigation shows the growth to...
[occur] faster or at the same rate in the samples sintered under
microgravity." (i, p. (12)318)
<Note: References (3) and (4) below, which essentially contain
information describing later TEXUS flights by Ekbom et al. also
mention the TEXUS i0 results.>
Key Words: Liquid Phase Sintering, Melt and Solidification, Ter-
nary Systems, Composites with Solid Particles, Metals and Alloys,
Capillary Forces, Surface Energy, Powder Metallurgy, Powders,
Spheres, Coated Surfaces, Segregation, Sedimentation, Density
Difference, Particle Dispersion, Particle Transport, Particle Ag-
glomeration, Particle Separation, Particle Attraction, Particle
Wetting, Particle Growth, Particle Size Distribution, Dissolu-
tion, Plasma Spray Coating, Coated Surfaces, Thin Films, High
Temperature Materials, Surface Tension-Driven Convection,
Solid/Liquid Interface, Grain Boundaries, Sample Shrinkage
Number of Samples: two
Sample Materials: Sample I: matrix of 58% Ni-25% Fe-15% W-2% Co
with 25 vol% W particles; Sample 2: matrix of 58% Ni-24% Fe-15%
W-2% Co with 50 vol.% W particles.
(Ni*Fe*W*Co*)
<Note: It was not indicated in the available publications if the
matrix compositions were in volume or weight percents.>
Crucible Materials: alumina, AI203
(AI*O*)
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Experlment/Material Applications:
"Tungsten heavy metals usually containing 90-95% W, 3-7% Ni and
2-4% Fe, [are] produced from powders by liquid phase sintering.
The resulting particle composite has good mechanical
properties .... The alloy has ideal properties in the study of
liquid phase sintering: particles growth, matrix wettability and
tungsten solubility in the matrix. Composites containing a low
amount of tungsten particles can, depending on the great dif-
ference in density between the particles and the molten matrix,
only be studied under conditions of microgravity when the
tungsten particles can grow freely floating in the molten matrix.
The influence of parameters like attraction between particles and
surface energy can be studied." (1, p. (12)315)
References/Applicable Publications:
(1) Ekbom, L. B. and Eliasson, A.: Liquid Phase Sintering of
Tungsten Composites in Space: Results of Tests Performed in
TEXUS. In Advanced Space Research, Vol. 8, No. 12, pp. (12)315 -
(12)319, 1988. (post-flight)
(2) Ekbom, L. B.: Results from the Melting of Tungsten Composites
Under Microgravity in Space (TEXUS i0 Flight). Refractory & Hard
Metals, December 1987. (post-flight)
(3) Liquid Phase Sintering of Tungsten Composites Under
Microgravity. Effect of Matrix Composition and Particle Growth.
Tungsten & Tungsten Alloys, 1992, Metal Powder Industries Federa-
tion, Princeton, NJ. (post-flight)
(4) Ekbom, L. B. and Eliasson, A.: Liquid Phase Sintering of
Tungsten Composites Under Microgravity. Effect of Matrix Com-
position. In Proceedings of the VIII European Symposium on
Material and Fluid Sciences in Miorogravity, Brussels, Belgium,
April 12-16, 1992, ESA SP-333 (August 1992), pp. 673-678. (post-
flight)
(5) Tungsten Composites. In Summary Review of Sounding Rocket
Experiments in Fluid Science and Materials Sciences, ESA SP-I132,
February 1991, pp. 312-313. (post-flight)
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Contact(s):
Dr. H. Fredriksson, H. Shahani, A. Eliasson
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
Dr. L. B. Ekbom
National Defense Research Institute
Box 27 332
S-I0254 Stockholm
Sweden
FOA 23
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Principal Investigator(s): Graf, W. (i)
Co-Investlgator(s): Unknown
Affillatlon(s): (1) Krupp Forschungsinstitut, Essen, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 12
Launch Date/Expt. Date: May 1985
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 01-2: Isothermal
Four-Chamber Furnace (the same furnace as flown on TEXUS 11 with
slight modifications)
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Liquid Phase Sinterinq
Liquid-phase sintering of materials composed of tungsten-carbide
particles in a Co melt is difficult. During the sintering the
sample components separate because of density differences between
the WC particles and Co melt. The problem can be avoided by
using WC particles in the micron-size range. However, this tech-
nique introduces particle Brownian motion, and the WC particles
agglomerate. Under low-gravity conditions, the effects of
sedimentation and Brownian motion become negligible.
This TEXUS 12 experiment was designed by Graf to study liquid-
phase sintering under low-gravity conditions (for related experi-
ments, see P6tschke, TEXUS ii, TEXUS 12 (Chapter 5)). The
specific objective of the experiment was to illustrate that under
low-gravity conditions, tungsten carbide particles (1) will not
agglomerate and (2) will remain dispersed throughout a liquid-
phase sintered sample after solidification.
Prior to the mission, three WC-35% Co samples were prepared by
hot isostatic pressing. The tungsten-carbide particle size in
sample 1 was i0 microns, the WC particle size in sample 2 was 2
microns, and the WC particle size in sample 3 was 0.8 microns.
Each sample was encased in its own AI203 crucible. The crucibles
were sealed in a gas-tight, welded TZM cartridge. <Note: It is
not clear if each of the crucibles was sealed in a separate TZM
cartridge or if they all were placed in one cartridge. However,
it appears (as discussed below) that the samples were placed in
two chambers of the TEXUS furnace, thus, more than one cartridge
is suspected to have been employed.>
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Prior to the rocket launch, the samples (I) were placed in two
chambers of the Isothermal Four-Chamber Furnace and (2) heated to
1200 °C. <Note: The available publications did not detail how
the samples were configured in the furnace chambers.> Once low-
gravity conditions had been achieved, the samples were further
heated to 1400 °C. The samples were held at this temperature for
approximately 5 minutes before they were cooled.
Post-flight examination of the samples revealed that an unex-
pected foaming reaction (foaming: 30%) occurred during the ex-
periment. Mass spectrometer measurements on a "reference
material" indicated that a C + O --> CO reaction occurred.
Therefore, the samples could not be used to achieve the original
experiment objectives. Instead, the formation of a bubble lat-
tice under low-gravity conditions was evaluated.
"The driving force for the release of CO was the supersaturation
of the oxygen dissolved in the molten cobalt which reacted with
the dissolved carbon (2.5 mass%). Mass spectrometry measurements
indicated a CO production capacity of 50 _g/g corresponding to 28
_g/g of oxygen. From the mass action constant of the reaction C
+ 0 --> CO in molten cobalt, a CO pressure of 1200 bars could be
deduced which represented the driving force of the reaction.
Heterogeneous nucleation of bubbles occurred at the interfaces
between the molten Co and the WC particles with a critical
nucleus radius of 1.6 x 10 -8 m. Nuclei could have already ap-
peared on melting as the dissolution of 25% of the WC could have
led to the formation of cavities with the critical radius. The
bubbles stopped growing w_en an equilibrium pressure of 12 bars
was reached in the 80 mm_ free volume of the cartridge (99% of
the oxygen was consumed). According to diffusion laws, the maxi-
mum time for the bubbles to grow.., to an average diameter of
0.15 mm was 2 s. The bubble morphology.., indicated that [an]
expansion process occurred: coalescence and Ostwald ripening.
As the convection was greatly reduced, the coalescence probably
stopped at the end of the bubble growth phase. The clear spots
which often still contain a bubble in their centre, are a
qualitative proof that gas bubbles disappeared by Ostwald ripen-
ing. They contain only cobalt and no WC particles on the con-
trary to their surrounding. A theory of Ostwald ripening of gas
bubbles was developed which confirmed semi-quantitatively this
assumption." (2, p. 334)
No additional details of this experiment could be located at this
time.
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Key Words: Liquid Phase Sintering, Melt and Solidification, Ter-
nary Systems, Composites with Solid Particles, Composites with
Gases, Alloys, Separation of Components, Density Difference,
Segregation, Sedimentation, Brownian Motion, Particle Dispersion,
Particle Transport, Particle Agglomeration, Solid/Liquid Inter-
face, Interface Physics, Reaction Kinetics, Gas Formation,
Bubbles, Bubble Formation, Foams, Bubble Dispersion, Bubble
Nucleation, Heterogeneous Nucleation, Bubble Growth, Bubble
Coalescence, Ostwald Ripening, Dissolution, Diffusion, Super-
saturation, Liquid/Gas Interface, Buoyancy Effects Diminished,
Cavity, Material Strength, Hardness
Number of Samples: three
Sample Materials: WC-35% Co with particle sizes of (i) i0 micron
WC particle size, (2) 2 micron WC particle size, and (3) 0.8
micron WC particle size
(Co*W,C*)
Container Materials: Samples contained in alumina, AI203 then en-
cased in gas-tight, welded TZM cartridges
(AI*O*)
Experiment/Material Applications:
Co alloys (including the WC-Co system) which contain high per-
centages of hardening elements are of particular interest for
various technological applications. These materials exhibit good
strength properties with good hardness and wear resistance.
References/Applicable Publications:
(i) Graf, W.: Liquid Phase Sintering.
Abschlussbericht, German Publication, 1985.
In TEXUS 11/12
(in German)
(2) Bubble Formation, Growth and Expansion During the Liquid
Phase Sintering of a WC-Co Sample. In Summary Review of Sounding
Rocket Experiments in Fluid Science and Materials Sciences, TEXUS
i to 20, MASER 1 and 2, ESA SP-II32, February 1991, pp. 334-335.
(post-flight)
Contact(s):
W. Graf
Krupp Forschungsinstitut (KFI)
Postfach 102252
M_nchener Strasse 100
4300 Essen 1
Germany
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Prinoipal Investigator(s): Rogge, V. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) During TEXUS 15: Krupp Forschungsinstitut,
Essen, Federal Republic of Germany, Currently: Unknown
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 15
Launch Date/Expt. Date: May 1987
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 01-i
Builder of Processing Facility: Unknown, Possibly Messerschmitt-
Boelkow-Blohm (MBB/ERNO), Bremen, Germany
Experiment:
Liquid Phase Sinterinq
This TEXUS 15 experiment was the first in a series of experiments
designed by Rogge to study liquid phase sintering.
Reportedly, shortly after the successful launch of the TEXUS 15
rocket, data and television transmitters experienced a partial
failure. It was discovered that a lateral burnthrough of the
second stage of the rocket had occurred and the stage, in turn,
had collided with the prematurely separated payload. The upper
part of the payload including the TEM 01-i module parachuted to
the Earth undamaged.
Documentation further detailing the experimental objectives,
setup or results of this investigation does not appear to be
available.
<Note: V. Rogge was also involved with the experiments of
P6tschke (see P6tschke, TEXUS ii, Spacelab D1 (Chapter 5)).>
Key Words: Liquid Phase Sintering, Rocket Motion, Acceleration
Effects, Payload Survivability, Rocket Failure
Number of Samples: unknown
Sample Materials: unknown
Container Materials: unknown
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Experiment/Material Applications:
Unspecified.
References/Applicable Publications:
(i) Experimentelle Nutzlast und Experimente TEXUS 15.
BMFT/DFVLR TEXUS 13-16 Abschlussbericht 1988, pp. 107-108.
German; post-flight)
In
(in
Contact(s) z
Dr. V. Rogge
Current Work Address Unknown
Previous Work Address:
Krupp Forschungsinstitut (KFI)
Postfach 102252
M_nchener Strasse i00
4300 Essen 1
Germany
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Principal Investigator(s): Rogge, V. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) During TEXUS 16: Krupp Forschungsinstitut,
Essen, Federal Republic of Germany, Currently: Unknown
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 16
Launch Date/Expt. Date: November 1987
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 01-1
Builder of Processing Facility: Unknown, possibly Messerschmitt-
Boelkow-Blohm (MBB/ERNO), Bremen, Germany
Experiment:
Liquid Phase Sinterinq
This TEXUS 16 experiment was the second in a series of experi-
ments designed by Rogge to study liquid phase sintering (see
Rogge, TEXUS 15).
Reportedly, shortly after the successful launch of the TEXUS 16
rocket, fuel in the second stage of the rocket did not ignite as
planned. After the apogee was reached and the rocket began to
fall, the yo-yo despin system was deployed as programmed. Due to
the unexpected excess rocket mass, however, there was an incom-
plete reduction of rocket spin. Subsequently, the payload
separated from the second stage, but the parachute was not
released. An unbraked impact of the payload resulted in the
destruction of all experiment modules including the TEM 01-i
module.
Further information concerning the experimental objectives,
setup, and results of this investigation could not be located at
this time.
Key Words: Liquid Phase Sintering, Rocket Motion, Acceleration
Effects, Payload Survivability, Rocket Failure, Payload Recovery
System Failure
Number of Samples: unknown
Sample Materials: unknown
Container Materials: unknown
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Experiment/Material _pplioations:
Unknown
References/Appllcable Publications:
(I) Die Kampagne TEXUS 16. In BMFT/DFVLR TEXUS 13-16
Abschlussbericht 1988, pp. 109-111. (in German; post-flight)
Contact(s):
Dr. V. Rogge
Current Work Address Unknown
Previous Work Address:
Krupp Forschungsinstitut (KFI)
Postfach 102252
M_nchener Strasse i00
4300 Essen 1
Germany
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Principal Investlgator(s): Ekbom, L. B. (1)
Co-Investigator(s): Eliasson, A. (2)
Affiliatlon(s}: (1,2) Department of Casting of Metals, Royal In-
stitute of Technology (RIT), Stockholm, Sweden
Experiment Origin: Sweden
Mission: TEXUS 16
Launch Date/Expt. Date: November 1987
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 01-2
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Liquid Phase Sintering
This TEXUS 16 experiment was the second in a series of investiga-
tions designed by Fredriksson and/or Ekbom et al. to study the
sintering of composites under low-gravity conditions (see
Fredriksson, TEXUS i0 "Composites from High Temperature Melting
Point Alloys" (this chapter)).
Very little information which specifically described the ex-
perimental setup of this investigation could be located.
However, it appears (based on the response from the Principal
Investigator) that the experimental setup was similar to that of
Fredriksson's TEXUS I0 experiment "Composites from High Tempera-
ture Melting Point Alloys."
Reportedly (Reference (4)), "The [two] samples designed for
the... [TEXUS] 16 flight contained I0 and 20 vol % tungsten par-
ticles and were produced from mixtures of pure powders; tungsten
(2.5 _m), nickel (7 _m) and iron (6 _m)." (4, p. 316) While a
further discussion of the preflight sample preparation was
detailed in Reference (4), the reference did not detail the ex-
pected TEXUS 16 experimental procedure.
It was reported (Reference (i)) that shortly after the successful
launch of TEXUS 16, fuel in the rocket's second stage did not ig-
nite as planned. After the apogee was reached, the rocket began
to fall and the yo-yo despin system was deployed as planned.
There was an incomplete reduction of rocket spin, however, be-
cause of the unexpected excess rocket mass. Subsequently, the
payload separated from the second stage, but the parachute was
not released. An unbraked impact of the payload resulted in the
destruction of all the experiment modules including the TEM 01-02
module.
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The TEXUS 16 experiment was reflown on TEXUS 19 "with good
result." (5) <Note: This TEXUS 19 experiment is beyond the publi-
cation limits of this document. The results of the TEXUS 19 ex-
periment (and additional (later) TEXUS experiments by Ekbom et
al.) will appear in later versions of this Technical Memorandum.
Some of the references pertaining to the TEXUS 19 experiment are
listed below. Additional note: Reference (3) was not available
to aid in the preparation of this experiment summary.>
No further information concerning the specific experiment objec-
tives or setup could be located.
Key Words: Liquid Phase Sintering, Melt and Solidification, Ter-
nary Systems, Composites with Solid Particles, Metals and Alloys,
Powder Metallurgy, Powders, Spheres, Particle Dispersion, Par-
ticle Transport, High Temperature Materials, Solid/Liquid Inter-
face, Rocket Motion, Acceleration Effects, Payload Survivability,
Rocket Failure, Payload Recovery System Failure
Number of Samples: two
Sample Materials: Sample 1 contained i0 vol% tungsten particles
and was produced from mixtures of pure powders: tungsten (2.5
,m), nickel (7 _m) and iron (6 _m); Sample 2 contained 20 vol%
tungsten particles and was produced from mixtures of pure
powders: tungsten (2.5 _m), nickel (7 _m) and iron (6 _m).
(W*Ni*Fe*)
Container Materials: alumina crucible
(AI*O*)
Experlment/Material Applications:
"Tungsten-nickel-iron composites are...[commercially] fabricated
from powders by liquid phase sintering. They consist of almost
spherical tungsten particles in a matrix of nickel-iron-
tungsten .... [T]he sintering mechanism and the mechanical
properties... [can be evaluated (in part) by studying] composites
with a low amount of tungsten particles. Depending on the great
difference in density between the particles and the matrix, this
can only be done under microgravity." (4, p. 315)
See also Fredriksson, TEXUS i0, "Composites from High Temperature
Melting Point Alloys."
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References/Applicable Publications:
(i) Die Kampagne TEXUS 16.
Abschlussbericht 1988, pp. 109-111.
In BMFT/DFVLR TEXUS 13-16
(in German; post-flight)
(2) Ekbom, L. B.: Results from the Melting of Tungsten Composites
Under Microgravity in Space (TEXUS i0 Flight). Refr. & Hard Met-
als, Dec. 1987.
(3) Ekbom, L. B., and Eliasson, A.: Liquid Phase Sintering Under
Microgravity in Space. In Proceedings P/M 88 Int. Conf. Orlando,
USA, Mod. Dev. Powder Met., MPFI, Vol. 19, 1988, p. 63.
(4) Ekbom, L. B., and Eliasson, A.: Liquid Phase Sintering of
Tungsten Composites in Space: Results of Tests Performed in
TEXUS. Proceedings COSPAR Conf. Helsinki, July 1988; Adv. Space
Research, Vol. 8:12, pp. 315-319, 1988. (post-flight, very brief
discussion)
(5) Input received from Experiment Investigator,
and July 1993.
December 1989
(6) Liquid Phase Sintering of Tungsten Composites Under
Microgravity. Effect of Matrix Composition and Particle Growth.
Tungsten & Tungsten Alloys, 1992, Metal Powder Industries Federa-
tion, Princeton, NJ. (post-flight)
(7) Ekbom, L. B. and Eliasson, A.: Liquid Phase Sintering of
Tungsten Composites Under Microgravity. Effect of Matrix Com-
position. In Proceedings of the VIII European Symposium on
Material and Fluid Sciences In Microgravity, Brussels, Belgium,
April 12-16, 1992, ESA SP-333 (August 1992), pp. 673-678. (post-
flight)
Contact(s):
Dr. Lars B. Ekbom
Dept. of Casting Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
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Prinoipal Investlgator(s): Smith, J. E. (1), Noojin, S. (2)
Co-Investlgator(s): Unknown
Affillatlon(s): (1,2) Chemical Engineering, University of Alabama
in Huntsville
Experiment Origin: USA
Mission: Consort 1 (Starfire Rocket)
Launch Date/Expt. Date: March 1989
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Pro=esslng Facility: Powdered metal sintering furnace
Builder of Processing Facility: Unknown
Experiment:
Metal Sinterinq Furnace
On Earth, liquid phase sintering experiments are hampered (in
part) by sedimentary forces which cause the stratification of
differing density particles within the sample. When such
stratification occurs, a non-uniform coarsening of the sample
microstructure results.
The objective of this Consort 1 research was to study powdered
metal compacts processed in a reduced gravity environment. In-
vestigators anticipated that when gravity-dependent sedimentary
forces were reduced, a sample might be produced which exhibited
(i) "...a smaller grain size, [(2)] a more uniform microstructure
(possibly with fewer voids or defects), and [(3)] improved
mechanical properties .... " (i, p. 33)
The materials chosen for the experiment were selected to allow
the study of "...reactive liquid-phase sintering of intermetallic
alloys in a solid-phase matrix of nonmelting metal." (2, p. 347)
When such materials are heated to a two-phase region, the con-
stituent components react "...forming an alloy liquid that must
wet the solid phase." (2, pp. 347-348) Free energy, evaporation,
condensation, diffusion, and bulk flow contribute to the rear-
rangement of particles within the melt.
Prior to flight, nine samples were prepared: three copper-cobalt
systems, three copper-iron systems, and three copper-tungsten
systems. When these systems were processed, the copper was the
liquid phase element, and the tungsten, cobalt, or iron was the
solid-phase element. "Each sample used 30 percent (volume) cop-
per. Three different copper particle sizes (149 microns
[spherical], 105 microns, and 42 microns) were independently
mixed with a majority phase powdered metal (43 microns Co, 6-9
microns Fe or 1 micron W_. [Prior to the flight,] Compacts were
pressed at 11.32 tons/in _ for one hour and reduced in a reactor
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under a flowing mixture of 5 percent hydrogen, 95 percent helium.
Samples were stacked in a sample holder separated by stainless
steel shims. The sample holder was installed in the sintering
furnace and the Consort 1 furnace module assembled. A helium at-
mosphere was maintained in the furnace during operation to mini-
mize oxidation of the samples." (i, p. 33)
Just prior to launch, the sintering furnace was heated to 1040
°C. The furnace was held at this temperature during launch and
until the low-gravity phase of the rocket had been attained.
During the following 287 seconds, the furnace temperature was in-
creased to 1114 °C (at a rate of 16 °C/min) and the minority
phase was liquefied. During the following 8 minutes, a helium
quench system was used to resolidify the samples.
Post-flight, l-g reference samples (processed with the same
operating temperatures and hold times as the rocket specimens)
were compared to the Consort 1 samples. Visual inspection of all
samples revealed that whereas the l-g samples generally had a
non-uniform shape with an irregular surface, low-g samples were
physically symmetric with smooth surfaces.
Usually, the most uniform processing possible in the l-g environ-
ment occurs when the minority phase in the powdered metal com-
pacts is less than 10%. Thus, the l-g, 30% minority phase
samples were highly non-uniform, as expected. For example, the
l-g, Co-Cu samples exhibited extreme deformation. This deforma-
tion was generally attributed to the wetting and flow of the liq-
uid phase along the crucible wall. In contrast, the low-g, Co-Cu
systems exhibited a high degree of uniformity at this high liquid
composition with no indication of flow along the crucible wall.
Thus it was concluded that "...it is evident that processing of
high liquid fraction Co-Cu compacts in microgravity offer perfor-
mance and homogeneity not achievable in a l-g environment." (i,
p. 34)
Reference (i) contains a discussion of density and theoretical
density determinations of the l-g and rocket samples (see p. 34).
Reportedly, "...the l-g [W-Cu] samples densify 4 percent more
than low-g [W-Cu] samples." (i, p. 34) <Note: Similar density
data of the other systems was not presented.> Details of the
shrinkage of the samples were given in Reference (i), p. 35.
At the time Reference (i) was published, metallurgical and sur-
face analyses of the low-g samples had been completed using a
variety of techniques. However, no discussion of the results of
these analyses was presented. It was further reported in
Reference (i) that similar metallurgical and surface analyses of
the l-g samples had not yet been completed.
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No further information concerning this experiment could be lo-
cated at this time.
Key Words: Liquid Phase Sintering, Melt and Solidification, Bi-
nary Systems, Two-Phase System, Composites with Solid Particles,
Metals and Alloys, Powder Metallurgy, Intermetallics, Minority
Phase, Powders, Spheres, Particle Dispersion, Particle Transport,
Particle Distribution, Particle Wetting, Sedimentation, Density
Difference, Separation of Components, Free Energy, Evaporation,
Condensation, Diffusion, Buoyancy Effects Diminished, Reaction
Kinetics, Solid/Liquid Dispersion, Solid/Liquid Interface, Sample
Microstructure, Surface Morphology, Coarsening, Grain Size,
Sample Shrinkage, Sample Deformation, Quench Process, Oxidation,
Wetting, Wetting of Container, Non-Wetting of Container
Number of Samples: nine
Sample Materials: Three samples of copper-cobalt, three samples
of copper-iron, and three samples of copper-tungsten (thirty
volume percent copper was used in all samples).
(Cu*Co*, Cu*Fe*, Cu*W*)
Container Materials: Stainless steel
Experiment/Material Applications:
"Potential uses for liquid-phase sintered products include bear-
ings, magnetic materials, electrical brushes and contact points,
advanced cutting tools to cut at higher linear speeds then cur-
rently possible, irregular shaped mechanical parts for high
stress environments, and possibly new and improved catalysts for
chemical production." (1, p. 33)
References/Applicable Publications:
(i) Powdered Metal Sintering and Infiltration. In Consortium for
Materials Development in Space, University of Alabama in
Huntsville, Annual Report, Technical Section, October i, 1988-
September 30, 1989, pp. 33-36. (post-flight)
(2) Wessling, F. C. and Maybee, G. W.: Consort 1 Sounding Rocket
Flight. Journal of Spacecraft and Rockets, Vol. 26, No. 5,
September-October 1989, pp. 343-351.
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(3) Wessling, F. C., Lundquist, C. A., and Maybee, G. W.: Consort
1 Flight Results-A Synopsis. Presented at the IAF 40th Interna-
tional Astronautical Congress, October 7-13, 1989, Malaga, Spain,
IAF #89-439. To be published in Acta Astronautica in 1990.
(post-flight) <Note: The current publication status of this
document is unclear.>
Contact(s):
Dr. James E. Smith, Jr.
The University of Alabama in Huntsville
Chemical Engineering Department, EB II7F
Huntsville, AL 35899
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CHAPTER 14
METALS AND ALLOYS
14-1
Principal Investigator(s): Poorman, R. M. (1)
Co-Investigator(s): McKannan, E. C. (2)
Affiliation(s): (1,2) During Skylab: National Aeronautics and
Space Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama; (1) Currently: Retired; (2) Currently:
Boeing Aerospace and Electronics, Huntsville, Alabama
Experiment Origin: USA
Mission: Skylab, SL-2, First Skylab Manned Mission
Launch Date/Expt. Date: June 1973 (month experiment was
completed)
Launohed From: NASA Kennedy Space Center, Florida
Payload Type: Materials Processing Facility (MPF) panels, located
forward from the Multiple Docking Apparatus (MDA) area, Skylab
manned environment
Processing Facility: M512 Materials Processing Facility
Builder of Processing Facility: Complete facility: MSFC,
Huntsville, Alabama; Electron Beam Gun: Unknown, possibly Wes-
tinghouse, Pittsburgh, Pennsylvania
Experiment:
Metals Melting (M551)
This Skylab experiment was designed to investigate the melting of
metals under low-gravity conditions. The specific objectives of
the experiment were to (I) study the low-gravity stability of a
molten puddle and its interface with the solidified melt, (2)
characterize metals which were melted and solidified in space,
and (3) investigate the feasibility of joining and casting metals
under low-gravity conditions.
The experiment evolved from an earlier proposal to study welding
in space. Studies performed in the 1960's indicated that
electron beam (EB) welding would be suitable for assembling
structures in space. As a result, a portable EB welder was
developed. At about the same time, interest in the processing of
materials in space generated a desire to investigate melting and
solidification of metals under low-g conditions. It was then
proposed that the initial welding experiment be expanded to in-
clude studies concerning the melting and solidification of prac-
tical metals.
During the SL-2 mission, the M512 Materials Processing Facility
was used to process three disc-shaped samples (4.75 inch
diameter): (i) type 304 stainless steel, (2) 2219-T87 aluminum
alloy, and (3) pure (99.5%) tantalum. The stainless steel and
aluminum discs each varied in thickness from 0.025 to 0.250 inch;
the tantalum disc varied in thickness from 0.017 to 0.062 inch.
These varying dimensions allowed both penetration and non-
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penetration by the EB.
The basic experimental apparatus consisted of a chamber which
contained (i) an electron beam gun (heat source for melting), (2)
a 24 volt, 1700 rpm d.c. motor, (3) a gear reduction system
(300:1), and (4) a mounting base. Since the EB required a vacuum
for operation, the chamber was vented to space (approximately
10 -4 Torr).
During the mission, each disc was mounted to the motor and the
chamber was evacuated. The EB was impinged (80 mA and 20 kV) on
the thinnest portion of the disc as rotation of the sample was
initiated (35 in/min, 2.6 rpm). For the first 45 degrees of
rotation, the disc was thin enough to allow complete penetration
of the EB. For the next 90 degrees, the disc thickness gradually
increased so the beam normally penetrated the material but did
not cut through. After another 90 degrees, the thickness of the
disc increased (stepped) resulting in only partial penetration of
the beam for another 45 degrees. Here, at a 1/4 inch hole, the
beam was terminated and the disc rotated another 22 degrees. At
this point the beam was defocused and reinitiated for the dwell
portion of the experiment. For the stainless steel and aluminum
samples, the dwell time was 15 seconds; for the tantalum disc,
the dwell time was 45 seconds. The dwell time allowed the forma-
tion of a large molten pool for detailed studies of metal
solidification.
Post-flight examination of the discs indicated that there was no
significant difference in the external appearance of the welds
compared to those made under l-g conditions. The experiment also
indicated "...that surface tension in the absence of gravity is
sufficient to hold a molten weld puddle in place, and thus
demonstrated that welding operations in space are feasible using
techniques identical to those employed on Earth." (ii, p. 64)
The results from metallographic studies of each sample were
reported to be:
2219-T87 Aluminum Alloy: The grains located in the weld nugget
(partially penetrated regions) of the flight sample were con-
siderably less elongated than in the l-g processed material. The
heat-affected region in the sample was much more extensive in the
Skylab sample.
Type 304 Stainless Steel: As in the aluminum sample, the grain
structure was much finer in the Skylab sample. The material
welded on Earth revealed large elongated grains perpendicular to
the weld puddle/base metal interface. The molten zones were nar-
rower and the interfaces sharper than in the aluminum welds be-
cause of the lower thermal conductivity of steel.
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Tantalum: Since this material was commercially pure, no complex
precipitates were formed during precipitation. Large distinct
grains were located in the space-welded sample. Residual vor-
tices, frozen into the grain structure, were left behind after
the solidification of the l-g sample. (This characteristic was
attributed to the high melting point and high thermal conduc-
tivity of tantalum, which resulted in rapid cooling of the
material.) However, in the low-gravity sample, such vortices
were not frozen into the sample.
It was concluded that the only significant difference between the
l-g and low-g results was the finer, more equiaxed grain size ob-
served in the Skylab samples. This result was contrary to what
was expected: "...the strong convective flows associated with
the l-g sample should be effective in forming the equiaxed zone
through dendrite remelting and transport." (Ii, p. 66)
Key Words: Metals and Alloys, Melt and Solidification, Casting,
Welding, Electron Beam Welding, Surface Tension, Convection,
Buoyancy Effects Diminished, Sample Rotation, Solid/Liquid Inter-
face, Interface Physics, Interface Stability, Sample Microstruc-
ture, Surface Morphology, Dendrites, Grain Size, Grain Structure,
Vacuum, Space Vacuum, Space Structures
Number of Samples: three
Sample Materials: (1) 2219-T87 aluminum,
304 stainless steel
(AI*, Ta*)
Container Materials: not applicable
(2) tantalum, and (3)
Experlment/Materlal Appllcatlonsz
Welding has been proposed as a method for assembling large struc-
tures in space. At the time the experiment was performed, it was
not known if electron beam welding would be a suitable method for
this task. It was therefore proposed that an experiment be per-
formed to examine the effects of low gravity on this process.
The reasons why the particular experimental materials (aluminum
alloy, stainless steel, and tantalum) were chosen were not
detailed in the available references.
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References/Applicable Publications:
(i) McKannan, E. C. and Poorman, R. M.: Skylab M551 Metals Melt-
ing Experiment. In Proceedings of the Third Space Processing
Symposium, Skylab Results, Vol. I, April 30-May 1, 1974, Marshall
Space Flight Center, Alabama, pp. 85-100. (post-flight)
(2) "M551- Metals Melting." In MSFC Corollary Experiments System
Mission Evaluation, NASA TM X-64820, September 1974, pp. 5-25 -
5-31. (post-flight)
(3) Bourgeois, S. V.: Convection Effects on Skylab Experiments
M551, M552, and M553-Phase C Report. LMSC-HREC TR D306955,
Lockheed Missiles and Space Company, Huntsville, Alabama, Decem-
ber i, 1973. (post-flight)
(4) Bourgeois, S.: Convection Effects on Skylab Experiments
M551, M552, and M553-Phase C Report, 1973, NASA CR-120479.
(post-flight)
(5) Tobin, M. and Kossowsky, R.: Research Study on Materials
Processing in Space Expt. Nr. M512. Final Report on M551, M552,
and M553, 1973, NASA CR-120479. (post-flight)
(6) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of the Measurement and Charac-
terization of the Acceleration Environment on Board the Space
Station, August 11-14, 1986, Guntersville, Alabama, p. 9-1.
(acceleration measurements on Skylab)
(7) Poorman, R. M.: Skylab M551 Metals Melting Experiment, 28 pp.
(8) "M-512 Materials Processing Facility." In MSFC Corollary Ex-
periment Systems Mission Evaluation, NASA TM X-64820, September
1974, pp. 5-1 - 5-18. (Processing Facility)
(9) Metals Melting (M551). In MSFC Skylab Mission Report-Saturn
Workshop, NASA TM X-64814, October 1974, pp. 12-10 - 12-42.
(post-flight)
(i0) Naumann, R. J. and Mason, D.: Metals Melting. In Summaries
of Early Materials Processing in Space Experiments, NASA TM-
78240, August 1979, p. 16. (post-flight)
(ii) Nauman, R. J. and Herring, H. W.: Experiment M551, Metals
Melting. In Materials Processing in Space: Early Experiments,
NASA SP-443, 1980, pp. 64-66. (post-flight)
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Contact (s) :
Dr. E. C. McKannan
Boeing Aerospace and Electronics
Mail Stop JA75
P.O. Box 240002
Huntsville, AL 35824
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Principal Investigator(s): Hasemeyer, E. A. (1)
Co-Investigator(s): Lacy, L. L. (2), Lovoy, C. V. (3)
Affiliation(s): During Skylab: (1,2,3) National Aeronautics and
Space Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama; Currently: (1) Deceased, (2) B. J. Services
Company, Research & Technology Center, Tomball, Texas, (3)
Unknown
Experiment Origin: USA
Mission: Skylab, SL-3, Second Skylab Manned Mission
Launch Date/Expt. Date: September 1973 (month experiment was
completed)
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Materials Processing Facility (MPF) (located for-
ward from the Multiple Docking Apparatus (MDA) area in the Skylab
manned environment)
Processing Facility: Multipurpose Electric Furnace System (MEFS)
Builder of Processing Facility: Westinghouse Astronuclear
Laboratory, Large, Pennsylvania
Experiment:
Copper-Aluminum Eutectic (M566)
This Skylab SL-3 experiment was the first in a series of inves-
tigations designed by Hasemeyer et al. to study the solidifica-
tion of a eutectic alloy under low-gravity conditions.
The objectives, setup and results of this experiment (as detailed
in published literature) were combined with a discussion of an
experiment of the same name by Hasemeyer performed during the
Skylab SL-4 mission. Therefore, the SL-3 and SL-4 copper-
aluminum eutectic experiments are reported together. (See
Hasemeyer, Skylab SL-4, for the combined summary.)
Key Words: Metals and Alloys, Binary Systems, Melt and
Solidification, Directional Solidification, Eutectics, Model
Materials, Buoyancy-Driven Convection, Thermal Convection,
Solid/Liquid Interface, Thermal Gradient, Thermal Soak, Surface
Tension, Wetting, Sample Deformation, Sample Detachment from
Crucible, Sample Necking, Sample Shrinkage, Lamellar Eutectics,
Lamellar Structure, Crystalline Structure, Surface Morphology,
Defect Spacing, Defect Density, Electrical Resistivity, Fault
Spacing
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Number of Samples: unknown, possibly three
Sample Materials: aluminum-copper eutectic (CuAI 2 eutectic), AI-
33 wt.% Cu
(AI*Cu*)
Container Materials: graphite sheath contained in a stainless
steel cartridge
(c*)
Experiment/Material Applications:
See Hasemeyer, Skylab SL-4.
References/Applicable Publications:
(i) Hasemeyer, E. A., Lovoy, C. V., and Lacy, L. L.: Skylab Ex-
periment M566 Copper-Aluminum Eutectic. In Proceedings of the
Third Space Symposium, Skylab Results, April 30-May i, 1974, Mar-
shall Space Flight Center, Huntsville, Alabama, Vol. 1, pp. 457-
467. (post-flight)
(2) Lacy, L. L.: Preliminary Report on the Physical Properties of
AI-Cu Eutectic Samples Processed on Skylab 4. MISC-SSL-74-2,
Space Sciences Laboratory, MSFC, April 2, 1974. (post-flight)
(3) George, F. D.: Preparation of Single Grain Eutectics for the
M566 Experiment. Mod. 2 Report, Contract NAS8-28724, United
Aircraft Research Laboratory, East Hartford, Connecticut, Decem-
ber 15, 1972, p. 2. (preflight)
(4) Data Package for Cartridges for the Multipurpose Electric
Furnace System, M518. WANL-TME-2831, Vol. II, November 1972,
Westinghouse Astronuclear Laboratory, P.O. Box 10864, Pittsburgh,
Pennsylvania 15236 (Contract NAS8-28271). (preflight)
(5) "Experiment M566-Aluminum Copper Eutectic." In MSFC Skylab
Corollary Experiment Systems Mission Evaluation, NASA TM X-64820,
September 1974, pp. 5-82-5-86. (post-flight)
(6) Naumman, R. J. and Herring, H. W.: "Experiment M566,
Aluminum-Copper Eutectic." In Materials Processing in Space,
Early Experiments, NASA SP-443, 1980, pp. 71-72. (post-flight)
(7) M518-Multipurpose Electric Furnace System. In MSFC Skylab
Corollary Experiment Systems Mission Evaluation, NASA TM X-64820,
September 1974, pp. 5-42 - 5-56. (processing facility)
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(8) Chassay, R. P. and Schwaniger, A: Low-G Measurements by NASA.
In Workshop Proceedings of the Measurement and Characterization
of the Acceleration Environment on Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, p. 9-1. (acceleration
measurements)
(9) Otto, G. H. and Lacy, L. L.: The Electrical Properties of
Low-G Processed Immiscible Alloys. In Proceedings of the Third
Space Processing Symposium, Skylab Results, April 30-May I, 1974,
Marshall Space Flight Center, Alabama, Vol. II, pp. 1031-1044.
(post-flight)
(I0) Bhat, B. N.: Concentration Changes During Eutectic
Solidification. In Proceedings of the Third Space Processing
Symposium, Skylab Results, April 30-May i, 1974, Marshall Space
Flight Center, Huntsville, Alabama, Vol. II, June 1974, pp. 953-
961. (related research)
(ii) Input received from Co-Investigator, L. L. Lacy, July 1993.
Contact(s):
Dr. Lewis L. Lacy
B. J. Services Company, U.S.A.
Research & Technology Center
11211 FM 2920
Tomball, TX 77375
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Prlnaipal Investlgator(s): Hasemeyer, E. A. (1)
Co-lnvestigator(s): Lacy, L. L. (2), Lovoy, C. V. (3)
Affiliation(s) z During Skylab: (1,2,3) National Aeronautics and
Space Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama; Currently: (1) Deceased, (2) B. J. Services
Company, Research & Technology Center, Tomball, Texas, (3)
Unknown
Experiment Origin: USA
Mission: Skylab, SL-4, Third Skylab Manned Mission
Launch Date/Expt. Date: January 1974 (month experiment was
completed)
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Materials Processing Facility (MPF) (located for-
ward from the Multiple Docking Apparatus (MDA) Area, Skylab
manned environment)
Processing Facility: Multipurpose Electric Furnace System (MEFS)
Builder of Processing Facility: Westinghouse Astronuclear
Laboratory, Large, Pennsylvania
Experiment:
Copper-Aluminum Eutectic (M566)
<Note: Hasemeyer et al. performed two copper-aluminum eutectic
experiments during the Skylab program: one on SL-3 and one on
SL-4. Documentation describing these experiments combined the
results from the SL-3 and SL-4 experiments. Therefore, this sum-
mary includes information on both experiments (with distinctions
between the two investigations noted).>
Certain eutectic alloys solidify in a lamellar crystal pattern.
On Earth, these lamellar platelets often grow irregularly with
breaks and discontinuities in the lamellar structure. Such ir-
regularity of the structure is attributed to gravity-dependent,
thermal convective flows. In the space environment, such convec-
tive flows should be reduced and the processing of crystals with
a continuous lamellar structure should be possible.
The Skylab SL-4 experiment was the second in a series of inves-
tigations designed by Hasemeyer et al. to study the low-gravity
solidification of a eutectic alloy (see Hasemeyer, Skylab SL-3).
The specific objective of the SL-3 and SL-4 experiments was to
determine if the eutectic lamellae continuity and structure could
be improved by reducing gravity-driven convective flow.
During the SL-3 and SL-4 missions, the Multipurpose Electric Fur-
nace System (MEFS) was used to directionally solidify samples of
AI-33 wt.% Cu (CuAI 2 eutectic). Each sample (6.25 mm in
diameter, 12.7 mm long) was contained in a graphite sheath which
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was sealed in a stainless steel cartridge. The sables were to
be (i) heated to 790 °C (furnace temperature of 867 C), (2) held
at this temperature for one hour, and (3) solidified at an
average rate of 2.4 °C/min (average thermal gradient of 45
°C/cm). However, "Due to a malfunction of the control ther-
mocouple in the furnace in Skylab 3, the peak temperature did not
exceed 844 °C .... Three additional specimens were processed in
Skylab 4, at the desired temperature of 867 °C." (i, p. 459)
<Note: Although unclear to the editors, it appears three samples
were processed during the Skylab SL-3 mission and three during
the Skylab SL-4 mission.> Ground-based experiments were also
performed using the same thermal history as the flight specimens.
Post-flight examination of the samples included (i) photography,
(2) radiography, (3) resistivity measurements (using decay of
eddy currents), and (4) quantitative metallography. The
photographic and radiographic analysis indicated that the flight
specimens from both missions had a reduced diameter (hour glass
shape) in the regrowth regions. The Skylab 4 samples had only a
slight reduction and the ground-processed material contained no
diameter reduction. The shape of the flight specimens was at-
tributed to a failure of the molten material to wet the graphite
sheath. It was reported that, in the absence of gravity, surface
tension was the dominant force in shaping the melt.
Resistivity measurements indicated little or no difference be-
tween the flight and ground specimens. Localized resistivity
measurements indicated an increase in resistivity near the sur-
face deformities mentioned above. This increase was due to a
disruption of the aligned lamellae near this section of the
sample.
Metallographic examination of the samples indicated that the
Skylab 4 specimens had 20% fewer defects and deformities than the
ground processed materials. The Skylab 3 samples contained a
higher fault density than either the Skylab 4 or ground samples.
(This was attributed to the more severe surface irregularities of
this material.) Quantitative studies of Skylab 4 specimens indi-
cated that the defect spacing (expressed in lamellar width) was
12% better than in samples similarly processed on Earth.
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Key Words: Metals and Alloys, Binary Systems, Melt and
Solidification, Directional Solidification, Eutectics, Model
Materials, Buoyancy-Driven Convection, Buoyancy Effects
Diminished, Thermal Convection, Solid/Liquid Interface, Thermal
Gradient, Thermal Soak, Surface Tension, Wetting, Non-Wetting of
Container, Sample Deformation, Sample Detachment from Crucible,
Sample Necking, Sample Shrinkage, Lamellar Eutectics, Lamellar
Structure, Crystalline Structure, Surface Morphology, Defect
Spacing, Defect Density, Electrical Resistivity, Fault Spacing,
Semiconductor Applications, Superconductors, Optics Applications,
Hardware Malfunction
Number of Samples: Three samples were processed during the Skylab
SL-4 mission. It appears three samples were processed during the
Skylab SL-3 mission.
Sample Materials: aluminum-copper eutectic specimens, AI-33 wt.%
Cu (CuAI 2 eutectic)
(AI*Cu*)
Container Materials: Graphite sheath contained in a stainless
steel cartridge
(c*)
Experiment/Material Applications:
Alloys with continuously perfect lamellar structures can have
numerous practical applications as (for example) (1) superconduc-
tors, (2) optical materials, (3) capacitors, (4) semiconductors,
and (5) directional magnets.
The AI-Cu eutectic system was selected for this study because (i)
it is representative of many types of alloys that solidify in a
lamellar crystal pattern, (2) it has been studied thoroughly in
the past, and (3) it has a moderate eutectic temperature.
References/Applicable Publications:
(I) Hasemeyer, E. A., Lovoy, C. V., and Lacy, L. L.: Skylab Ex-
periment M566 Copper-Aluminum Eutectic. In Proceedings of the
Third Space Symposium, Skylab Results, April 30-May 1, 1974, Mar-
shall Space Flight Center, Huntsville, Alabama, Vol. i, pp. 457-
467. (post-flight)
(2) Lacy, L. L.: Preliminary Report on the Physical Properties of
AI-Cu Eutectic Samples Processed on Skylab 4. MISC-SSL-74-2,
Space Sciences Laboratory, MSFC, April 2, 1974. (post-flight)
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(3) George, F. D.: Preparation of Single Grain Eutectics for the
M566 Experiment. Mod. 2 Report, Contract NAS8-28724, United
Aircraft Research Laboratory, East Hartford, Connecticut, Decem-
ber 15, 1972, p. 2. (preflight)
(4) Data Package for Cartridges for the Multipurpose Electric
Furnace System, M518. WANL-TME-2831, Vol. II, November 1972,
Westinghouse Astronuclear Laboratory, P.O. Box 10864, Pittsburgh,
Pennsylvania 15236 (Contract NAS8-28271). (preflight)
(5) "Experiment M566- Aluminum Copper Eutectic." In MSFC Skylab
Corollary Experiment Systems Mission Evaluation. NASA TM X-
64820, September 1974, pp. 5-82 - 5-86. (post-flight)
(6) Naumann, R. J. and Herring, H. W.: "Experiment M566,
Aluminum-Copper Eutectic." In Materials Processing in Space,
Early Experiments, NASA SP-443, 1980, pp. 71-72. (post-flight)
(7) M518-Multipurpose Electric Furnace System. In MSFC Skylab
Corollary Experiment Systems Mission Evaluation, NASA TM X-64820,
September 1974, pp. 5-42 - 5-56. (processing facility)
(8) Chassay, R. P. and Schwaniger, A: Low-G Measurements by NASA.
In Workshop Proceedings of the Measurement and Characterization
of the Acceleration Environment on Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, p. 9-1. (acceleration
measurements)
(9) Otto, G. H. and Lacy, L. L.: The Electrical Properties of
Low-G Processed Immiscible Alloys. In Proceedings of the Third
Space Processing Symposium, Skylab Results, April 30-May i, 1974,
Marshall Space Flight Center, Alabama, Vol. II, pp. 1031-1044.
(post-flight)
(i0) Multipurpose Electric Furnace (M518). In MSFC Skylab Mis-
sion Report-Saturn Workshop, NASA TM X-64814, October 1974, pp.
12-46 - 12-49. (processing facility)
(ii) Input received from Co-Investigator L. L. Lacy, July 1993.
Contact(s):
Dr. Lewis L. Lacy
B. J. Services Company, U.S.A.
Research and Technology Center
11211 FM 2920
Tomball, TX 77375
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Principal Investlgator(s) z Heye, W. (1), Klemm, M. (2)
Co-Investigator(s): Unknown
Affiliatlon(s): (1,2) Technical University, Clausthal, Germany
Experiment Origin: Federal Republic of Germany
Misslonz SPAR 1
Launch Date/Expt. Date: December 1975
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Isothermal heating and cooling module within
the General Purpose Rocket Furnace (GPRF)
Builder of Processing Facility: unknown
Experiment:
Preparation of a Special Alloy for Manufacturinq of Maqnetic Hard
Superconductors Under a Zero Gravity Environment (74-63)
"The known second order superconductors are distinguished
primarily by their almost undeformable state, e.g., intermetallic
compounds such as Nb3Sn. In [the] search... [for]
superconductors[, ] ductile materials must be found where techni-
cal manufacturing will be interesting. By combining those met-
als, the production of a mixed state is possible and necessary.
Within this state a first order superconductor must be combined
with a normal conducting material .... The essential supposition
is that both phases exist parallel within dimensions at least
equal to the mean free length of the path of electrons for cross
direction of the electrical flux. This state contains thin
fibers or small particles with diameters or thicknesses of ap-
proximately 100... [angstroms] ....
"Those materials can be divided into two categories. The first
can be drawn down to wires and fibers with diameters in the range
of i00 to 50... [microns]... and i000 to I00... [angstroms]
respectively, by conventional techniques. For the second, spe-
cial methods are required because of their brittleness. As a
result the first order superconductor changes to a second order
superconductor because a magnetic field will penetrate the thin
normal conducting areas uniformly and will also enter to some ex-
tent into the surrounding material. This field thereby stabi-
lizes the superconducting state magnetically." (i, p. IX-3)
This SPAR 1 experiment was designed to investigate the low-
gravity melting and solidification of a PbAgBaO superconducting
alloy. The specific objective of the experiment was to produce a
second or third order superconductor from a mixture of a first
order superconductor (lead) and a normal electrical material
(silver).
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Prior to the SPAR 1 mission, the flight sample was prepared from
a combination of Pb, Ag, and BaO powders by (i) mixing, (2) com-
pression (2000 kN), (3) sintering (2 hours at 220 °C under
vacuum), (4) extrusion (13.1 mm diameter), and (5) machining
(12.1 mm diameter, 20 mm long). After preparation, the flight
sample was placed in a cartridge which was then welded closed.
Two other samples were prepared for ground-based processing: (i)
a sample which had been prepared only by mixing, compressing, and
sintering and (2) a "thermal test" sample. <Note: It was unclear
exactly what processes the thermal test sample underwent (see
Reference (i)). Further, it appears that both ground-based
samples were also placed in a cartridge and welded closed.>
During the mission, one of three chambers of the General Purpose
Rocket Furnace (GPRF) was used to process the sample. Although
the actual time-temperature profile of the flight sample was not
reported, it appears that the intended melt temperature was about
550 °C. The hold time at this temperature appears to have been
approximately 260 seconds.
Post-flight, both the low-gravity and l-g samples were subjected
to a deformation process. "First, the samples... [were]... ex-
truded from [a] 12.1 mm diameter to the final diameters of 5 mm
and 4 mm. This reduction by extrusion represents an optimum of
deformation. Before the following drawing process the wires...
[were]... enclosed in 1 mm or 2 mm thick silver tubes, avoiding a
breakdown. The wires... [were]... cold rolled in presses down to
1 mm diameter, then cold drawn by means of dies in small steps to
diameters of 900... [microns]..., 180... [microns]..., and i00...
[microns]... including the silver sheath. The wire of the flight
sample could be drawn to i00... [microns]... in diameter; hence,
the true diameter of the alloy is 35... [microns]... and the
thickness of the sheath is in the range of 30... [microns] ....
Only the sintered specimen cannot be reduced to those diameters
because a codeformation of the silver particles is not possible."
(i, p. IX-ll)
After the deformation procedure was completed, metallography and
superconductivity analysis was performed on the l-g and low-g
samples. These investigations led to the following results:
i. A deformation of the silver particles within the lead matrix
may be obtained by the addition of a small amount of BaO par-
ticles. The BaO particles result in a strengthening of the Pb,
allowing a codeformation of the Pb and Ag. Deformation of the
sintered samples did not result in a codeformation of the silver
phase.
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"2. The strain hardening of the lead phase increases in such a
large range during the deformation (rolling in presses and wire
drawing) that the silver particles can be reduced 90 percent in
area (length/thickness = i0). At high reductions a softening in
strength or recovery of the lead stops further deformation of the
silver.
"3. A remarkable effect in the superconducting behavior can be
obtained by the flight sample only. A transition of a first or-
der superconductor to a second order superconductor in the form
of a mixed state takes place. This effect is expressed by a
splitting of the critical magnetic field H c of the lead phase
into a lower field Hcl and an upper field Hc2.
"4. To obtain a better superconducting behavior of this alloy, it
is necessary to start at smaller dimensions of the silver par-
ticles before the deformation begins. Reaching an optimum
process time and/or an eutectic solidification, the silver par-
ticles can be precipitated as small fibers. The... wire drawing
process can be stopped earlier at large diameters of the wires
because the deformed fibers of the silver occur earlier in the
dimensions of the mean free path of length of electrons." (i, p.
IX-18)
Additional information concerning this experiment is provided in
Reference (I).
Key Words: Metals and Alloys, Ternary Systems, Melt and
Solidification, Powder Metallurgy, Sintering, Powders, Supercon-
ductors, Intermetallics, Magnetic Fields, Conductance,
Solid/Liquid Interface, Material Strength, Eutectics, Multiphase
Media, Dispersion, Dispersion Strengthening, Particle Strengthen-
ing, Precipitation, Fibers, Fiber Dispersions, Sample Deforma-
tion, Brittleness, Semiconductor Applications
Number of Samples: one
Sample Materials: PbAgBaO
(Pb*Ag*Ba*O*)
Container Materials: unknown
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Experlment/Material Applications:
The two materials (first order superconductor and normal
conductor) selected for a second order superconductor must have
equal mechanical strength properties. Lead represented the best
first order superconductor and silver was one of the best normal
conductors. However, the differences in strength between these
two materials would allow only the deformation of lead and not of
silver. Therefore, lead must be dispersion hardened by adding a
small amount of a large atomic volume element. This addition
would increase the strength of lead by the Orowan mechanism. BaO
was selected as the additive because it is not soluble in lead or
silver and has a large atom volume.
References/Applicable Publications:
(i) Heye, W. and Klemm, M.: Preparation of a Special Alloy Under
Zero-Gravity for Magnetic Hard Superconductors. In Space
Processing Applications Rocket, SPAR I Final Report, NASA TM X-
3458, pp. IX-I-IX-22, December 1976. (post-flight report)
(2) Toth, S. and Frayman, M.: Measurement of Acceleration Forces
Experienced by Space Processing Applications. Goddard Space
Flight Center, Contract No. NAS5-23438, Mod. 23, ORI, Inc. Tech-
nical Report 1308, March 1978. (acceleration measurements; SPAR
1-4)
(3) Preparation of a Special Alloy Under Zero Gravity for Mag-
netic Hard Superconductors. In Descriptions of Space Processing
Applications Rocket (SPAR) Experiments, edited by R. J. Naumann,
January 1979, NASA TM-78217, pp. 23-24. (post-flight)
Contact(s):
W. Heye or M. Klemm
Technische Universit_t Clausthal
Zehntnerstr. 2A
D-3392 Clausthal-Zellerfeld
Germany
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Principal Investigator(s): Johnston-McCay, M. H. (1)
Co-Investigator(s): Griner, C. S. (2)
Affiliation(s): (1) During SPAR 1: National Aeronautics and Space
Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: University of Tennessee Space In-
stitute, Tullahoma, Tennessee; (2) NASA Marshall Space Flight
Center (MSFC), Huntsville, Alabama
Experiment Origin: USA
Mission: SPAR 1
Launch Date/Expt. Date: December 1975
Launched From: White Sands, Missile Range, New Mexico
Payload Type: Sounding Rocket Exp_iment
Processing Facility: Plexiglas "'" cuvette with battery-powered
thermoelectric cooling units
Builder of Processing Facility: NASA, Marshall Space Flight Cen-
ter, Huntsville, Alabama
Experiment:
Direct Observation of Solidification as a Function of Gravity
(74-21/1)
Several theories concerning the transition between columnar and
equiaxed solidification have been published. Most of these
theories have relied on gravity as the driving force for fluid
flow and subsequent crystal multiplication. However, a theory by
Chalmers (see Reference (10)) which was formulated without
gravity terms, suggested that the equiaxed zone forms due to con-
stitutional supercooling ahead of the interface.
This SPAR 1 experiment was the first in a series of investiga-
tions designed by Johnston-McCay et al. to study the solidifica-
tion of materials under low-gravity conditions. The specific ob-
jective of this experiment was to determine the influence of
gravity-driven flow on the formation of an equiaxed zone. The
objective was to be accomplished by observation of dendritic
growth in the columnar solidification region.
Before the SPAR mission, a Plexiglas TM cuvette was completely
filled with a saturated solution of NH4Cl (28.4 wt.%). (The com-
plete filling insured that liquid free surfaces would be
avoided.) The cuvette was contained in an apparatus which was
configured with (i) two battery-powered thermoelectric cooling
units, (2) three thermistors, and (3) a mounting bracket. (The
bracket also acted as the heat sink for the thermoelectric
units.) The assembly was backlighted by a tungsten filament lamp
and the solidification process was photographed at one frame per
second (240 frames total). Shortly before launch, the material
was heated to a temperature above its melting point.
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During the low-gravity period of the mission, the NH4Cl solution
was solidified. Ground-based tests, performed using thermal con-
ditions similar to those of the flight sample yielded l-g
reference samples for comparison. (Reference (I) contains plots
of the time-temperature data for the flight and ground-based ex-
periments.)
Post-flight examination of the flight photographs revealed that
only four nuclei formed during the solidification process. These
nuclei grew to form the complete casting. No free floating crys-
tals or dendrite remelting could be detected in the sample. Some
necking of the second dendrite arms was observed. However, no
fragmentation of the dendrites could be detected. No equiaxed
zone was observed in this sample. It was also reported that the
growth rate of the solidification interfaces was less than that
of individual dendrites.
Examination of the ground-processed samples indicated a large
degree of macrosegregation of the material constituents caused by
gravity-induced flow. Nucleation started at the cold walls, and
then convective flow swept dendrites into the cuvette center.
These crystals resulted in an equiaxed zone at the sample center.
During the growth process, the secondary dendrite arms were
oriented toward the cold wall. The growth rate of the interface
fronts was similar to that of the individual dendrites.
Key Words: Metals and Alloys, Model Materials, Aqueous Solutions,
Binary Systems, Melt and Solidification, Thermal Gradient, Cast-
ing, Columnar Solidification, Columnar to Equiaxed Transition,
Equiaxial Zone, Saturated Solution, Diffusion, Buoyancy-Driven
Convection, Segregation, Macrosegregation, Solid/Liquid Inter-
face, Solidification Front Physics, Growth Rate, Supercooling,
Nucleation, Sample Necking, Free Surface Elimination, Dendrites,
Dendritic Solidification, Lamps, Illumination System
Number of Samples: one
Sample Materials: water-ammonium chloride, H20-28.4 wt.% NH4CI,
(H*O*, N*H*CI*)
Contalner Materials: Plexiglas TM cuvette
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Experiment/Material Applications:
The water-NH4Cl system has been used (1) extensively as a model
for the solfdification of metallic materials and (2) for the
study of grain formation. A 28.4 wt.% NH4Cl mixture was prepared
by saturation at 72 OF. This saturation composition was used to
avoid the presence of solid NH4Cl prior to the start of
solidification.
References/Applicable Publications:
(1) Johnston, M. H. and Griner, C. S.: The Direct Observation of
Solidification as a Function of Gravity Levels. In Space
Processing and Applications Project, SPAR I Final Report, NASA
Technical Memorandum X-3458, pp. V-I - V-19, December 1976.
(post-flight report)
(2) Toth, S. and Frayman, M.: Measurement of Acceleration Forces
Experienced by Space Processing Applications. Goddard Space
Flight Center, Contract No. NAS5-23438, Mod. 23, ORI, Inc., Tech-
nical Report 1308, March 1978. (acceleration measurements, SPAR
1-4)
(3) Johnston, M. H. and Griner, C. S.: The Direct Observation of
Solidification as a Function of Gravity Level. Met. Trans, 1977,
Vol. 8A, pp. 77-82. (post-flight)
(4) Johnston, M. H., Griner, C. S., Parr, R. A., and Robertson,
S. J.: The Direct Observation of Unidirectional Solidification as
a Function of Gravity Level. Journal of Crystal Growth, 1980,
Vol. 50, p. 831.
(5) Dendrite Remelting and Macrosegregation in Castings. In
Descriptions of Space Processing Applications Rocket (SPAR) Ex-
periments, edited by R. J. Naumann, NASA TM-78217, January 1979,
pp. 13-14. (post-flight)
(6) Johnston, M. H., Griner, C. S., and Grodzka, P. G.: Convec-
tion Analysis of the Dendrite Remelting Rocket Experiment. AIAA
Journal, Vol. 16, 1978, p. 417.
(7) Grodzka, P. G., Pond, J. E., and Spradley, L. W.: Thermal and
Convection Analysis of the Dendrite Remelting Rocket Experiment,
74-21. LMSC-HREC TR D496847, Lockheed Huntsville Research and
Engineering Center, May 1976.
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(8) Johnston, M. H.: Direct Observation of Dendrite Remelting and
Macrosegregation in Low-Gravity. In Applications of Space Flight
in Materials Science and Technology, Proceedings of a conference
held at the National Bureau of Standards, Gaithersburg, Maryland,
April 20-21, 1977, issued September 1978, pp. 40-44. (post-
flight; appears to be SPAR i, may be SPAR 3.)
(9) Input received from Principal Investigator M. H. McCay, Sep-
tember 1988 and August 1993.
(i0) Chalmers, B.: Principles of Solidification.
Sons, Inc., New York, New York, 1964, p. 265.
theory)
John Wiley and
(solidification
Contact(s):
Dr. Mary Helen McCay
University of Tennessee Space Institute
Dept. ESM
Tullahoma, TN 37388
Carolyn Griner
DDOI
NASA Marshall Space Flight Center
Huntsville, AL 35812
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Principal Investigator(s): Johnston-McCay, M. H. (1)
Co-Investlgator(s): Griner, C. S. (2)
Affiliation(s): (1) During SPAR 2: National Aeronautics and Space
Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: University of Tennessee Space In-
stitute, Tullahoma, Tennessee; (2) NASA Marshall Space Flight
Center, Huntsville, Alabama
Experiment Origin: USA
Mission: SPAR 2
Launch Date/Expt. Date: May 1976
Launched From: White Sands Missile Range, New Mexico
Payload Type: Soun}ing Rocket Exp_iment
Processlng Fac111ty: Plexiglas _'_ cuvettes with thermoelectric
cooling units (the cooling units were powered by a SPAR power
supply)
Builder of Processing Facility: NASA, Marshall Space Flight Cen-
ter, Huntsville, Alabama
Experiment:
Direct Observation of Dendritic Remelting and Macrosegregation in
Castings (74-21/2, 74-21/3)
This SPAR 2 experiment was the second in a series of investiga-
tions designed by Johnston-McCay et al. to study the solidifica-
tion of materials under low-gravity conditions (see Johnston-
McCay, SPAR i). The specific objectives of the experiment were
to (i) observe the influence of low-gravity on the solidification
process, (2) eliminate density-driven flow as an effect on the
formation of equiaxed zones in castings, (3) observe dendritic
growth in the columnar solidification region, (4) determine the
effect of gravity-induced flow on dendritic remelting, (5) deter-
mine if macrosegregation is controlled by solidification contrac-
tions, (6) explain the formation of equiaxed zones in earlier
Skylab welding experiments <Note: This possibly refers to an ex-
periment conducted by R. Poorman (see Poorman, Skylab SL-2 (this
chapter)).>, and (7) increase knowledge of casting structures
produced on Earth.
During the SPAR 2 sounding rocket mission, two samples of a
saturated solution of NH4CI (28.4 wt.%) were to be solidified.
One sample was to be solidified uni-directionally while the
second was to be solidified fr_ three sides. Each sample was
contained in its own Plexiglas cuvette, which was completely
filled to avoid liquid free surfaces. One cuvette
(unidirectional) had one thermoelectric cooling unit on the
bottom; the other cuvette had three thermoelectric units (one on
each side, and one on the bottom) (The cooling units were powered
by a SPAR supply). It appears that each cuvette (with cooling
14-23
unit(s)) was configured in an apparatus which contained (I) three
thermistors, and (2) a mounting bracket (which also acted as the
heat sink for the thermoelectric units). The assembly was back-
lighted by a tungsten filament lamp and the samples were
photographed at one frame per second (240 frames total). Ground-
based tests, performed using thermal conditions similar to those
of the flight samples yielded l-g reference samples for com-
parison.
Post-flight analysis of the available data revealed that
solidification of the SPAR samples did not occur. After a ther-
mal model of the apparatus was created and analyzed it was
reported that "The close correlation of the model to the actual
flight temperature history indicates that increased Joule heating
across the thermoelectrics, due to a loose or cracked junction,
was the cause of the anomalous behavior .... " (i, p. V-5)
Thus, "The absence of sample solidification during the low-g
period of flight precluded achieving the experiment objectives."
(i, p. v-5)
Key Words: Metals and Alloys, Model Materials, Aqueous Solutions,
Binary Systems, Melt and Solidification, Directional Solidifica-
tion, Thermal Gradient, Casting, Columnar Solidification, Colum-
nar to Equiaxed Transition, Equiaxial Zone, Saturated Solution,
Diffusion, Buoyancy-Driven Convection, Buoyancy Effects
Diminished, Segregation, Macrosegregation, Solid/Liquid Inter-
face, Solidification Front Physics, Growth Rate, Free Surface
Elimination, Dendrites, Dendritic Solidification, Lamps, Il-
lumination System, Hardware Malfunction, Sample Not Processed As
Planned
Number of Samples: two
Sample Materials: water-ammonium chloride, H20-28.4 wt.% NH4Cl ,
(H*O*, N*H*CI*)
Container Materials: Plexiglas TM cuvette
Experiment/Material Applications:
See Johnston-McCay, SPAR i.
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References/Applicable Publications:
(i) Johnston, M. H. and Griner, C. S.: The Direct Observation of
Dendrite Remelting and Macrosegregation in Casting. In Space
Processing Applications Rocket Project SPAR II-Final Report, NASA
TM-78125, pp. Vl-V13, November 1977. (post-flight)
(2) Toth, S. and Frayman, M.: Measurement of Acceleration Forces
Experienced by Space Processing Applications. Goddard Space
Flight Center, Contract No. NAS5-23438, Mod. 23, ORI, Inc., Tech-
nical Report 1308, March 1978. (acceleration measurements, SPAR
1-4)
(3) Dendrite Remelting and Macrosegregation in Castings. In
Descriptions of Space Processing Applications Rocket (SPAR) Ex-
periments, edited by R. J. Naumann, NASA TM-78217, January 1979,
pp. 13-14. (post-flight)
(4) Johnston, M. H. and Griner, C. S.: The Direction Observation
of Solidification as a Function of Gravity Level. Met. Trans.,
Vol. 8A, 1977, p. 77.
(5) Johnston, M. H., Griner, C. S., and Grodzka, P. G.: Convec-
tion Analysis of the Dendrite Remelting Rocket Experiment. AIAA
Journal, Vol. 16, 1978, p. 417.
(6) Grodzka, P. G., Pond, J. E., and Spradley, L. W.: Thermal
and Convection Analysis of the Dendrite Remelting Rocket Experi-
ment, 74-21. LMSC-HREC TR D496847, Lockheed Huntsville Research
and Engineering Center, May 1976.
(7) Input received from Principal Investigator M. H. McCay, Sep-
tember 1988 and August 1993.
Contact(s):
Dr. Mary Helen McCay
University of Tennessee Space Institute
Dept. ESM
Tullahoma, TN 37388
Carolyn Griner
DD01
NASA Marshall Space Flight Center
Huntsville, AL 35812
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Principal Investigator(s): Johnston-McCay, M. H. (1)
Co-Investlgator(s): Griner, C. S. (2)
Affiliation(s): (1) During SPAR 5: National Aeronautics and Space
Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: University of Tennessee Space In-
stitute, Tullahoma, Tennessee; (2) NASA Marshall Space Flight
Center (MSFC), Huntsville, Alabama
Experiment Origin: USA
Mission: SPAR 5
Launch Date/Expt. Date: September 1978
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket _eriment
Processing Facility: Plexiglas "'_ and quartz cuvettes with ther-
moelectric cooling units
Builder of Processing Facility: NASA Marshall Space Flight Cen-
ter, Huntsville, Alabama
Experiment:
The Direct Observation of Dendritic Remeltinq and Macro Seqreqa-
tion in Castinq (74-21/21o (74-21/3)
This SPAR 5 experiment was the third in a series of investiga-
tions designed by Johnston-McCay et al. to study the solidifica-
tion of materials under low-gravity conditions (see Johnston-
McCay, SPAR 1, SPAR 2).
Two experiments were to be performed during this SPAR investiga-
tion. During the first (designated as Experiment 74-21/2R), a
sample was to be solidified uni-directionally. During the second
(designated as Experiment 74-21/3R), a sample was to be
solidified from three sides.
The specific objectives of experiment 74-21/2R were to (i) ob-
serve dendrite and interface growth during unidirectional
solidification and (2) assess the influence of gravity on
dendrite remelting and, therefore, on the occurrence of frec-
kling.
During an earlier SPAR experiment (see Johnston-McCay, SPAR I),
low-gravity solidification resulted in the formation of four
nuclei which caused a columnar casting. Therefore, the specific
objective of experiment 74-21/3R was to further study columnar
solidification.
Prior to the SPAR mission, two samples of a saturated solution of
NH4Cl (28.4 wt.%) were prepared. The solution to be used for the
unldirectional solidification (experiment 74-21/2R) was contained
in a completely filled quartz cuvette, which was sealed with a
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teflon cork and flat silicon washer. The solution to be us_
during the 74-21/3R experiment was contained _ a Plexiglas _A'*
cuvette, which was sealed by gluing a Plexiglas _*'* piece over the
fill hole. One cuvette (unidirectional) had one thermoelectric
cooling unit on the bottom; the other cuvette had three ther-
moelectric cooling units (presumably one on each side and one on
the bottom). (The units were powered by a 28 V dc battery regu-
lated to a constant 4 amperes.) Each cuvette (with cooling
unit(s)) was configured in an apparatus which contained four
thermistors and a mounting bracket. The assemblies were back-
lighted by two tungsten filament lamps and the solidification
process was photographed at one frame per second (240 frames to-
tal, depth of field = 1 mm). Cooling devices were actuated 60
seconds after launch for experiment 74-21/2R and 30 seconds after
launch for experiment 74-21/3R. Ground-based tests were conducted
using the flight hardware for comparison. A theoretical analysis
was performed which simulated heat transfer in both ground-based
and flight experiments (see Reference (i)).
Post-flight analysis of the photographs revealed that experiment
74-21/2R (unidirectional solidification) was successfully per-
formed. However, no results from experiment 74-21/3R were
reported. "Some of the fluid appears to have leaked out of the
cuvette [74-21/3R] prior to flight. The solidification is also
severely limited." (i, p. III-15)
Results from the flight experiment 74-21/2R indicated that the
interface grew at a slower rate than the dendrites. In the
similar l-g experiment, the interface and individual dendrites
grew at approximately the same rate. Generally the dendrites at
the interface grew symmetrically under low-gravity conditions and
grew asymmetrically in the l-g sample. These asymmetric
dendrites exhibited growth of secondary arms on the side where no
flow was apparent. Sometimes, arms located in the flow path were
broken off or remelted.
Several crystals were grown ahead of the interface (free floating
(FF) crystals) during the low-gravity experiment. In the l-g ex-
periment, such crystals were carried by visible liquid plumes.
However, no such plumes were detected in the low-gravity experi-
ment. Thus, it was suspected that residual accelerations carried
the dendrites into the super-saturated fluid. The growth rates
of the low-gravity FF crystals were slower than those detected in
the ground-based experiment. The total growth in the low-gravity
sample was dendritic. No occurrence of freckling was found in
the low-gravity sample, although the phenomenon was observed
ahead of the interface in the l-g sample.
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Key Words: Metals and Alloys, Model Materials, Aqueous Solutions,
Binary Systems, Melt and Solidification, Thermal Gradient, Direc-
tional Solidification, Casting, Columnar Solidification,
Saturated Solution, Diffusion, Buoyancy-Driven Convection,
Segregation, Macrosegregation, Solidification Front Physics, In-
terface Physics, Solid/Liquid Interface, Growth Rate, Dendrites,
Dendritic Solidification, Freckling, Free Surface Elimination,
Liquid Leakage, Acceleration Effects, Lamps, Illumination System,
Processing Difficulties
Number of Samples: two
Sample Materials: water-ammonium chloride, H20-28.4 wt.% NH4Cl,
(H*O*, N*H*CI*)
Container Materials: Experiment 74-21/2: quartz cuvette; Experi-
ment 74-21/3: Plexiglas _ cuvette
(Si*O*)
Experiment/Material Applications:
See Johnston-McCay, SPAR i.
References/Applicable Publications:
(1) Johnston, M. H., Griner, C. S., Parr, R. A., and Robertson,
S. J.: The Direct Observation of Uni-Directional Solidification
as a Function of Gravity Level. In Space Processing Applications
Rocket Project, SPAR V Final Report, NASA TM-78275, pp. III1-
III39, August 1980.
(2) Input received from Principal Investigator M. H. McCay, Sep-
tember 1988 and August 1993
(3) Johnston, M. H., Griner, C. S., Parr, R. A., and Robertson,
S. J.: The Direct Observation of Unidirectional Solidification as
a Function of Gravity Level. Journal of Crystal Growth, Vol. 50
(1980), pp. 831-838.
Contact(s):
Dr. Mary Helen McCay
University of Tennessee Space Institute
Dept. ESM
Tullahoma, TN 37388
Carolyn Griner
DD01
NASA Marshall Space Flight Center
Huntsville, AL 35812
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Prlncipal Investigator(s): Johnston-McCay, M. H. (1)
Co-Investigator(s): Parr, R. A. (2), Griner, C. S. (3)
Affiliation(s): (1) During SPAR 7: National Aeronautics and Space
Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: University of Tennessee Space In-
stitute, Tullahoma, Tennessee; (2,3) NASA Marshall Space Flight
Center, Huntsville, Alabama
Experiment Origin: USA
Mission: SPAR 7
Launch Date/Expt. Date: May 1980
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Casting Furnace
Builder of Processing Facility: Lockheed, Huntsville, Alabama
Experiment:
Comparative Alloy Solidification (76-36/1)
This SPAR 7 experiment was the fourth in a series of investiga-
tions designed by Johnston-McCay et al. to study the solidifica-
tion of materials under low-gravity conditions (see Johnston-
McCay, SPAR i, SPAR 2, SPAR 5). While the three previous experi-
ments had examined solidification using a metal model system
(H20-NH4CI), a major objective of this experiment was to extend
the research to an actual metal system. A second major objective
of the research was to examine the effect of acceleration (low g,
l-g, and high g) on the solidifying structure.
The low-gravity portion of the experiment was performed during
the SPAR 7 sounding rocket mission; the l-g and high-gravity por-
tions (1.75 g, 3.5 g, and 5 g) were performed during ground-based
testing.
Prior to the SPAR 7 mission, one sample of Sn-15 wt.% Pb was
prepared. It appears that during this preparation, pure com-
ponents of the sample were solidified in a cold graphite
crucible. The sample material was then placed in a new graphite
crucible and configured within the SPAR 7 casting furnace.
Prior to the rocket launch, the specimen was melted and held for
a period of time at 220 dC-- Approximately 1 minute after the
start of the low-gravity portion of the mission, cooling was in-
itiated by the application of a helium quench. The sample was
solidified during the remainder of the low-gravity period. The
temperature, which was measured by six thermocouples located in
the crucible, was recorded via telemetric methods.
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A centrifuge was used to produce the desired high-gravity levels
on similar (terestrially-prepared) samples processed on Earth.
The ground-based samples were solidified at each g-level using
different cooling rates. (Further details of the high-gravity
experiments can be located in Reference (i).)
Post-flight examination of the low-gravity sample revealed that
its grain sizes were larger than the similarly processed l-g
sample. Reportedly, the larger grain sizes resulted because
gravity-dependent convective flows were reduced and (thus) no
fragmentation occurred which would create nuclei for new, small
grains.
Analysis of the centrifuged samples indicated that the higher the
acceleration level, the smaller the grain size of the solidified
sample. It was reported that as the metal was cooled (while sub-
jected to high g levels), ,,...nucleation of primary dendrites oc-
curred almost simultaneously throughout the melt. The gravity
force drove the nuclei towards the bottom of the crucible,
producing a greater pileup of tin dendrites and hence a more
curved interface with larger accelerations." (i, p. III-8)
It was concluded that acceleration affects the final material
structure by driving the fluid flow in the system. Macroscopi-
cally, this gravity-driven fluid flow causes (i) dendritic
remelting and fragmentation and (2) macrosegregation. The cool-
ing rate also affects the final structure by influencing the
dendrite arm spacings and, therefore, the permeability to fluid
flow. Microscopically, the fluid flow affects the local tempera-
ture and concentration gradients. As acceleration levels
decreased, the fluid flow decreased, resulting in a greater driv-
ing force for dendritic coarsening. This reduction in fluid flow
also resulted in a decrease in local thermal fluctuations,
producing a more uniform dendritic arm spacing.
Key Words: Metals and Alloys, Binary Systems, Melt and
Solidification, Casting, Diffusion, Buoyancy-Driven Convection,
Buoyancy Effects Diminished, Segregation, Macrosegregation,
Thermosolutal Convection, Solutal Gradients, Thermal Gradient,
Thermal Soak, Density Difference, Solidification Front Physics,
Interface Shapes, Interfacial Curvature, Solid/Liq uid Interface,
Growth Rate, Cooling Rate, Surface Morphology, Nucleation, Sample
Microstructure, Grain Structure, Grain Size, Dendrites, Dendritic
Solidification, Dendritic Arm Spacing, Quench Process, Accelera-
tion Effects, Processing at High Gravity Levels, Centrifuge
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Number of Samples: one
Sample Materials: Sn-15 wt% Pb alloy
(Sn*Pb*)
Container Materials: graphite
(c*)
Experiment/Material Applications:
The Sn-Pb system was selected for study because (1) there is a
large amount of data available on the system, (2) it has a low
melting point, and (3) there is a significant density difference
between the Sn and Pb components.
References/Applicable Publications:
(i) Johnston, M. H. and Parr, R. A.: The Influence of Accelera-
tion Forces on Dendritic Growth and Grain Structure. In Space
Processing Applications Rocket (SPAR) Project, SPAR VII Final
Report, NASA TM-82535, pp. III-i - III-18, October 1983. (post-
flight)
(2) Johnston, M. H. and Parr, R. A.: The Influence of Accelera-
tion Forces on Dendritic Growth and Grain Structure. Met Trans
B, 13B, 1982, pp. 85-90.
(3) Input received from Principal Investigator M. H. McCay, Sep-
tember 1988 and August 1993.
Contaat(s) z
Dr. Mary Helen McCay
University of Tennessee Space Institute
Dept. ESM
Tullahoma, TN 37388
R. A. Parr
EH22
NASA Marshall Space Flight Center
Huntsville, AL 35812
Carolyn Griner
DD01
NASA Marshall Space Flight Center
Huntsville, AL 35812
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Principal Investigator(s): Johnston-McCay, M. H. (1)
Co-Investlgator(s): Parr, R. A.(2)
Affiliation(s): (1) During SPAR 9: National Aeronautics and Space
Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: University of Tennessee Space In-
stitute, Tullahoma, Tennessee; (2) NASA Marshall Space Flight
Center (MSFC), Huntsville, Alabama
Experiment Origin: USA
Mission: SPAR 9
Launch Date/Expt. Date: January 1981
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Casting Furnace (CF)
Builder of Processing Facility: Lockheed, Huntsville, Alabama
Experiment:
Comparative Alloy Solidification (76-36/2)
This SPAR 9 experiment was the fifth in a series of investiga-
tions designed by Johnston-McCay et al. to study the solidifica-
tion of materials under low-gravity conditions (see Johnston-
McCay, SPAR i, SPAR 2, SPAR 5, and SPAR 7). While the four pre-
vious experiments had examined either the solidification of the
metal model system H20-NH4Cl (SPAR i, 2, and 5) or a Sn-15 wt.%
Pb alloy (SPAR 7), a ma3or objective of this experiment was to
extend the earlier research and investigate a different metallic
system (Sn-Bi). A second major objective of the research was to
examine the effect of acceleration (low g, l-g, and high g) on
the solidifying structure.
The low-gravity portion of the experiment was performed during
the SPAR 9 sounding rocket mission; the l-g and high-gravity por-
tions were performed during ground-based testing.
Before the rocket flight, a single sample of Sn-3 wt.% Bi was
placed in the SPAR Casting Furnace. Prior to the launch of the
rocket, the specimen was melted and held for a period of time at
240 °C. <Note: The exact length of time the sample was held at
240 °C was not clear. It was held at this temperature for at
least an hour.> One hundred and eighty-three seconds after
launch, the furnace was switched off and helium quench of the
sample was initiated. Reportedly, the cooling rate of the sample
(10-12 °C/min) was slower than anticipated.
A centrifuge was used to produce the desired high-gravity levels
on samples processed on Earth. The ground-based samples were
solidified at several gravity levels (i to 7 g's) using different
cooling rates.
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Post-flight examination of the low-gravity flight sample revealed
"...some degree of centerline porosity .... ', (i, p. V-2) This
condition was found in SPAR 9 and ground-based samples.
"Metallographic examination of the flight sample suggests that it
began solidification on the 'B' surface with the dendrites
proceeding to grow at an angle toward the center and the 'A'
face. This is indicated both by the orientation of the
dendrites.., and by the occurrence of the large cavity on the 'A'
surface. It is not known.., if unequal acceleration forces drove
the molten liquid toward one wall of the crucible, but this seems
to be the most probable explanation." (i, p. V-3) <Note: It is
unclear exactly what is meant by "A" and "B" surfaces. See
Reference (i) for details.>
Data sent by telemetry indicated that solidification was com-
pleted a few seconds prior to the end of low gravity. "However,
the small grains around the large centerline cavity could be in-
dicative of convection as the sample finished solidifying in a
gravity field." (i, p. V-3) Follow-up experiments onboard the
KC-135 aircraft _arabolic flight with approximate g-levels be-
tween 2-g and 10- g) did not reveal a "...macroscopically obvious
transition." (i, p. V-3) Another possibility for these grains
could be recrystallization, which was observed to be extensive in
the ground-based samples. However, in the flight sample, the
recrystallization was localized.
Reportedly, the main effect of low-gravity processing was pre-
dicted by earlier studies on the metal-model system (see
Johnston-McCay, SPAR I, SPAR 5): "In contrast to the fine-
grained earth-processed samples, the low-g sample solidified with
relatively few large grains." (i, p. V-4)
<Note: Only preliminary data from the high-gravity, ground-based
experiments were presented. It was reported that "Quantitative
analysis of the [ground-based, sectioned] sample surfaces will be
performed at a later date when the metallographic analysis is
complete." (i, p. V-2) See Reference (i) for a table of these
preliminary data.>
Key Words: Metals and Alloys, Model Materials, Binary Systems,
Melt and Solidification, Casting, Diffusion, Buoyancy-Driven Con-
vection, Segregation, Macrosegregation, Solid/Liquid Interface,
Growth Rate, Cooling Rate, Surface Morphology, Grain Structure,
Grain Size, Dendrites, Dendritic Solidification, Cavity,
Porosity, Quench Process, Acceleration Effects, Vehicle Re-Entry
Forces/Vibration, Centrifuge, Processing at High Gravity Levels
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Number of Samples: one
Sample Materials: Sn-3 wt.% Bi alloy
(Sn*Bi*)
Container Materials: graphite
(c*)
Experiment/Material Applications:
This Sn-3 wt.% Bi alloy was used in this experiment because it
has an inclination toward dendritic remelting. Rather than
having direct technical applications, the Sn-Bi alloy was a model
material which (1) had a low-melting point and (2) could be
processed in the same furnace as the Sn-Pb sample (SPAR 7).
References/Applicable Publications:
(i) Johnston, M. H. and Parr, R. A.: SPAR Experiment 76-36 Com-
parative Alloy Solidification. Space Processing Applications
Rocket (SPAR) Project, SPAR IX Final Report, NASA TM-82549, pp.
Vl-V24, January 1984. (post-flight)
(2) Johnston, M. H. and Parr, R. A.: Low Gravity Solidification
Structures in the Tin - 15wt.% Lead and Tin - 3 wt.% Bismuth Al-
loys. Materials Processing in the Reduced Gravity Environment of
Space, Edited by Guy E. Ridone, pp. 651-656, 1982, Elseveier
Science Publishing Company, Inc. (post-flight)
(3) Input received from Principal Investigator M. H. McCay, Sep-
tember 1988 and August 1993.
Contact(s):
Dr. Mary Helen McCay
University of Tennessee Space Institute
Dept. ESM
Tullahoma, TN 37388
R. A. Parr
EH22
NASA Marshall Space Flight Center
Huntsville, AL 35812
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Principal Investigator(s): Johnston-McCay, M. H. (1)
Co-Investlgator(s): Parr, R. A. (2)
Affillation(s): (1) During SPAR 10: National Aeronautics and
Space Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama, Currently: University of Tennessee Space In-
stitute, Tullahoma, Tennessee; (2) NASA Marshall Space Flight
Center (MSFC), Huntsville, Alabama
Experiment Origin: USA
Mission: SPAR i0
Launch Date/Expt. Date: June 1983
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facillty: Casting Furnace
Builder of Processing Facility: Lockheed, Huntsville, Alabama
Experiment:
Comparative Alloy Solidification (76-36/3)
This SPAR i0 experiment was the sixth in a series of investiga-
tions designed by Johnston-McCay et al. to study the solidifica-
tion of materials under low-gravity conditions (see Johnston-
McCay, SPAR i, SPAR 2, SPAR 5, SPAR 7, and SPAR 9). The five
previous experiments had examined solidification using either (i)
the metal model system H20-NH4Cl , (2) a Sn-15 wt.% Pb alloy, or
(3) a Sn-3 wt.% Bi alloy. The objectives of this experiment were
to extend the research by (i) studying the effect of fluid flow
on macrosegregation in an AI-Cu alloy and (2) obtaining quan-
tified, experimental macrosegregation data for comparison with
theoretically derived macrosegregation data (calculated using a
model developed by General Electric, Inc.).
Before the mission, an AI-4.5 wt.% Cu alloy was prepared by melt-
ing pure components in a cold graphite crucible exposed to air.
The resulting sample was approximately 60 mm long and 50 mm wide
(i00 gr total). Prior to the launch of the SPAR I0 rocket, the
sample, contained in a new graphite crucible, was remelted and
soaked at 720 °C in the SPAR Casting Furnace. During the lift-
off portion of the flight, the molten sample was subjected to
convective mixing. Approximately 5 seconds after the start of
the low-gravity period, the furnace was switched off and quench
cooling was initiated. The helium quench gas was directed at two
sides (the narrow sides) of the crucible (bi-directional
solidification). The sample was solidified during the remainder
of the low-gravity portion of the mission. Temperature data were
obtained from six thermocouples located in the graphite crucible.
A similar sample was processed on Earth for comparison.
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It was re_orted that the cooling rate of (i) the flight sample
was 45.4 _C/min, and (2) the ground-based ingot was 55.3 °C/min.
Post-flight examination of the SPAR I0 sample revealed a cavity
along one face, which was typical of earlier flight specimens.
The ground-processed sample also contained a cavity along one
face indicating that it was processed at some angle off the ver-
tical. Porosity was present in both samples, although it ap-
peared to be greater and coarser in the l-g sample.
The secondary dendritic arm spacing of the flight sample was ap-
proximately 23% less than that of the l-g sample. The solid
solution aluminum dendrites of the flight sample contained more
copper than the ground sample. The flight sample also contained
a smaller volume fraction of eutectic structure (9.3%) compared
to the ground-processed material (10.8%). "Copper content in the
ground-based sample varied from 5.0%Cu at the upper chill face
corner to 4.5%Cu in the center of the ingot, near the shrinkage
cavity. The flight sample varied from 5.0%Cu at the lower chill
face to 4.3%Cu in the center. There seems to have been more
mixing at the center of the ground-based ingot. The flight ingot
shows a smooth transition from outside to center." (i, p. 50)
It was reported that "An initial concern in this experiment was
the difference in cooling rate between flight and ground-based
runs. Properties could not be legitimately compared if the dif-
ferences were sufficiently large to affect fluid flow. However,
temperature parameters in the model show a strong dependence on
cooling rate primarily below 30 °C/min, and do not differ sig-
nificantly at the rates used in this experiment." (i, p. 50)
Macrosegregation in the flight sample did not match that pre-
dicted by the model, which considered a bi-directionally
solidified ingot. The model predicted vertical isoconcentration
lines for the flight sample. However, the isoconcentration lines
determined from the flight sample were curved. This was at-
tributed to the probability that "...the graphite crucible ex-
tracted heat at the top and bottom of the ingot as well as at the
chill face." (i, p. 50) The model also predicted that the copper
content would sharply drop at about 8 mm from the ingot center.
This drop in Cu content would correspond to a porous region
caused by shrinkage. "The model assumes that capillary forces,
associated with the surface of the interdendritic liquid, are
sufficient to prevent vertical drainage through the solid-liquid
zone .... However, the porous region is not seen in the ex-
perimental ingots. Shrinkage is manifest[ed] as a cavity in the
last-to-freeze region in both flight and ground-based samples.
Consequently, copper macrosegregation profiles in the model are
higher in the outside region of the ingot and lower in the center
region than those seen in the experimental ingots." (I, p. 50)
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Key Words: Metals and Alloys, Binary Systems, Eutectics, Melt and
Solidification, Directional Solidification, Thermal Gradient,
Solutal Gradients, Thermosolutal Convection, Casting, Diffusion,
Buoyancy-Driven Convection, Segregation, Macrosegregation, Con-
centration Distribution, Density Difference, Thermal Soak,
Solid/Liquid Interface, Growth Rate, Cooling Rate, Sample
Microstructure, Sample Shrinkage, Surface Morphology, Dendrites,
Dendritic Solidification, Dendritic Arm Spacing, Cavity,
Porosity, Quench Process, Acceleration Effects, Launch-Induced
Fluid Motion
Number of Samples: one
Sample Materials: aluminum-4.5 wt% copper
(AI*Cu*)
Container Materials: graphite
(c*)
Experiment/Material Applications:
"Ai-4.5wt%Cu was chosen because the density difference between
constituents could be expected to lead to measurable macro-
segregation under the influence of gravitational acceleration, as
well as for its representative status of the commercial 2000
series of aluminum alloys." (1, p. 48)
References/Applicable Publications:
(i) Alter, W. S.: SPAR Experiment 76-36, SPAR X Comparative Al-
loy Solidification. Space Processing Applications Rocket (SPAR)
Project, SPAR X Final Report, NASA TM-86548, pp. 47-74, July
1986. (post-flight)
(2) Input received from Principal Investigator M. H. McCay, Sep-
tember 1988 and August 1993.
Contact(s):
Dr. Mary Helen McCay
University of Tennessee Space Institute
Dept. ESM
Tullahoma, TN 37388
R. A. Parr
EH22
NASA Marshall Space Flight Center
Huntsville, AL 35812
14-37
Principal Investigator(s): Pond, R. B. (1)
Co-Investlgator(s): Winter, J. W., Jr. (2), Van Doren, S. L. (3),
Shifler, D. A. (4)
Affiliation(s): (1) Marvalaud, Inc., Westminister, Maryland and
Johns Hopkins University, Baltimore, Maryland; (2) Marvalaud,
Inc., Westminister, Maryland; (3,4) During SPAR i: Marvalaud,
Inc., Westminister, Maryland, Currently: Unknown
Experiment Origin: USA
Mission: SPAR 1
Launch Date/Expt. Date: December 1975
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: General Purpose Rocket Furnace (GPRF)
Builder of Processing Facility: National Aeronautics and Space
Administration (NASA), Marshall Space Flight Center, Huntsville,
Alabama
Experiment:
Solidification of Pb-Sb Eutectic (74-5)
The eutectic structure of a Pb-Sb alloy should be superplastic
(able to withstand tensile strains of i00 percent before
rupturing). Preparing a eutectic Pb-Sb material on Earth is dif-
ficult because if nucleation of either of the primary phases oc-
curs, the density difference between the two phases causes
segregation. It was suspected that in the low-gravity environ-
ment, this gravity-driven segregation could be eliminated.
With relatively high solidification rates, supercooling of the
material occurs. This supercooling results in a shift in the
eutectic point. Since solidification rates must be increased
during a rocket experiment, it is necessary to determine the ex-
tent of the eutectic shift. (According to available phase
diagram data, the eutectic composition is 11.2 wt.% Sb.)
This SPAR 1 experiment was the first in a series of investiga-
tions designed by Pond et al. to study the low-gravity, eutectic
solidification of a Pb-Sb alloy. The specific objective of the
experiment was to determine if a complete eutectic structure
would result when an alloy composed of 11.2 wt.% Sb was
solidified under low-gravity conditions. (During the subsequent
SPAR 2 experiment, both hypo- and hypereutectic compositions were
investigated to examine the extent of the eutectic shift (see
Pond, SPAR 2).)
Prior to the launch of the rocket, the Pb-ll.2 wt.% Sb alloy was
sealed under vacuum (i x i0 -_ Torr) in a 321 stainless steel
cartridge. (Details of sample preparation may be located in
14-38
Reference (i).) During the SPAR 1 experiment, the General Pur-
pose Rocket Furnace was used to process the sample. <Note:
Details concerning the thermal history of the sample during the
SPAR experiment were not provided.>
Ground-based samples were processed for comparison using four
different quench rates ranging from 0.5 to 20 °C/sec (see
Reference (i) for quench methods). Other samples were prepared
by quenching in water (either the alloy itself or the crucible
containing the molten alloy) which was expected to result in
higher quench rates. Reportedly, no thermocouples were included
in the water-quenched samples; therefore, the exact quench rates
were not determined.
Post-flight examination of the low-gravity sample and l-g samples
included resistivity measurements, tensile testing, and metallog-
raphy. The resistivity measurements were not conducted until
receipt of the SPAR 2 samples (see Pond, SPAR 2). After lon-
gitudinally sawing a section for resistivity measurements (0.080
maximum thickness plank), two longitudinal slots, 180 degrees
apart, were machined in the samples. Transverse slices, 0.070
inch thick, produced the tensile specimen wafers. The gage
length was 0.120 inch with variation of 0.115 to 0.143 in gage
width (details concerning preparation and testing of this tensile
specimen shape can be found in Reference (i)). Tensile testing
was performed at room temperature on a two-screw testing machine
with a constant crosshead rate of 0.009 cm/min. A total of fifty
tensile tests were performed on all the samples. (Nine of these
tests were performed on the low-gravity processed sample.)
The following conclusions were reported from the experiment:
<Note: It was reported that these conclusions were tentative un-
til results from SPAR 2 experiment could be obtained.>
(i) No discernible difference between the ground-processed and
flight-processed samples could be detected. "...the ground-based
specimens have bracketed the SPAR I flight specimen with respect
to mechanical and microstructural properties .... " (i, p. 1-25)
(2) A shift in the eutectic composition, due to supercooling at
the solidification rates involved, was detected in both the
flight and ground samples. However, this shift was not clearly
defined due to the presence of dual primary crystallization
products, which, according to the equilibrium diagram, are not
possible.
(3) In the ground-processed samples, "...an increase in
solidification rate.., can cause primary lead dendrites to be re-
placed by primary antimony dendrites without a change in composi-
tion." (i, p. 1-28)
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Key Words: Metals and Alloys, Binary Systems, Eutectics, Eutectic
Shift, Melt and Solidification, Multiphase Media, Segregation,
Buoyancy Effects Diminished, Density Difference, Nucleation,
Solid/Liquid Interface, Solidification Rate, Supercooling, Sample
Microstructure, Dendrites, Quench Process, Electrical Resis-
tivity, Tensile Strength, Superplastics, Material Strength,
Vacuum
Number of Samples: one
Sample Materials: Pb-ll.2 wt.% Sb (Asarco Grade B-58 (99.99+%))
(Pb*Sb)
Container Materials: AISI 321 stainless steel
Experiment/Material Applications:
Lead-antimony alloys are considered superplastic materials. Re-
search on superplastic materials was instituted to (1) further
understand why these metallic materials can undergo severe ten-
sile strains (of the order of 1000%) prior to rupture and (2) al-
low operations and manufacturing procedures (e.g., deep drawing
of cases and containers) which are impossible with other
materials.
A possible application of this type of material is "...in shaped
charge liners to enhance the penetrating power of the jet formed
when the shaped charge is properly detonated. Besides having use
as devices for tapping furnaces and opening up oil sands, the
liners are used in warfare." (1, p. I-3)
References/Applicable Publications:
(i) Pond, R. B., Sr., Winter, J. W., Jr., Van Doren, S. L., and
Shifler, D. A.: Space Solidification of Pb-Sb Eutectic Experiment
74-5. In Space Processing and Applications Rocket Project, SPAR
1 Final Report, NASA TM X-3458, pp. I-i - 1-31, December 1976.
(post-flight)
(2) Toth, S. and Frayman, M.: Measurement of Acceleration Forces
Experienced by Space Processing Applications. Goddard Space
Flight Center, Contract No. NAS5-23438, Mod. 23, ORI, Inc., Tech-
nical Report 1308, March 1978. (acceleration measurements, SPAR
1-4)
(3) Solidification of Pb-Sb Eutectic. In Descriptions of Space
Processing Applications Rocket SPAR Experiments, edited by R. J.
Naumann, NASA TM-78217, January 1979, pp. 3-4. (post-flight)
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Contact(s):
Prof. Dr. R. B. Pond
Dr. J. W. Winter
Marvalaud, Inc.
P.O. Box 331
Westminister, MD 21157
Prof. R. B. Pond
Johns Hopkins University
Department of Materials Science and Engineering
Maryland Hall
107 34th and Charles St.
Baltimore, MD 21218
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Principal Investigator(s): Pond, R. B. (i)
Co-Investigator(s): Winter, J. W., Jr., (2) Van Doren, S. L. (3),
Shifler, D. A. (4)
Affiliation(s): (1) Marvalaud, Inc., Westminister, Maryland and
Johns Hopkins University, Baltimore, Maryland; (2) Marvalaud,
Inc., Westminister, Maryland; (3,4) During SPAR 2: Marvaluad,
Inc., Westminister, Maryland, Currently: Unknown
Experiment Origin: USA
Mission: SPAR 2
Launch Date/Expt. Date: May 1976
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: General Purpose Rocket Furnace (GPRF)
Builder of Processing Facility: National Aeronautics and Space
Administration (NASA), Marshall Space Flight Center, Huntsville,
Alabama
Experiment:
Solidification of Pb-Sb Eutectic (v4-5)
This SPAR 2 experiment was the second in a series of investiga-
tions designed by Pond et al. to study the low-gravity, eutectic
solidification of a Pb-Sb alloy (see Pond, SPAR 1 (this
chapter)). The overall objective of the investigative series was
to determine if a complete eutectic structure would result when
an alloy composed of 11.2 wt.% Sb (eutectic composition) was
solidified under low-gravity conditions. The specific goal of the
SPAR 2 experiment was to examine the extent of the eutectic shift
which occurs at high cooling rates.
During the earlier SPAR 1 experiment, a Pb-ll.2 wt.% Sb alloy was
processed. During SPAR 2, hypo- and hypereutectic compositions
were processed to study the extent of the eutectic shift. Ex-
amination of these compositions was expected to permit a deter-
mination of the eutectic shift as a function of cooling rate.
Prior to the launch of the rocket, two alloys were prepared: (i)
Pb-7.0 wt.% Sb (hypoeutectic alloy) and (2) Pb-18.0 wt.% Sb
(hypereutectic alloy). Each of the samples was sealed under
vacuum (I x 10 -4 torr) in its own 321 stainless steel cartridge
(further details of sample preparation may be located in
Reference (i)).
Ground-based (comparison) samples were processed using four dif-
ferent quench rates ranging from 0.5 to 20 °C/sec (see Reference
(i) for quench methods). Other ground-based samples were
quenched in water (either the alloy itself or the crucible con-
taining the molten alloy) to try to produce higher quench rates.
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No thermocouples were included in the water-quenched samples;
therefore, the exact quench rates were not determined.
Post-flight examination of the samples included resistivity
measurements, tensile testing, and metallography. After lon-
gitudinally sawing a section for resistivity measurements (0.080
maximum thickness plank), two longitudinal slots, 180 degrees
apart, were machined in the samples. Transverse slice, 0.070 in
thick, produced the tensile specimen wafers. The gage length was
0.120 inch with variation of 0.115 to 0.143 in gage width
(details concerning preparation and testing of this tensile
specimen shape can be found in Reference (I)). Tensile testing
was performed at room temperature on a two-screw testing machine
with a constant crosshead rate of 0.009 cm/min.
Analysis of the SPAR 2 samples revealed ",..sharp corners on the
vent tube end and extrusion of the alloy for a short distance
into the vent tube. Upon sectioning these specimens, it was
found that a cavity (or cavities) existed in the approximate cen-
ter of these specimens on the end nearest the vent tube. An ac-
ceptable explanation of these cavities has not been determined.
However the presence of the cavities and their location in the
specimens severely limited the mechanical test evaluation for
these two alloys." (i, p. III-12)
Metallographic examination of the two flight samples revealed a
dual primary crystallization product (this feature was also found
in the SPAR 1 flight sample): blocky, white Sb crystals either
adjacent to or within primary Pb crystals. Reportedly, it ap-
peared that these products were characteristic of the solidifica-
tion rates employed. However, according to the equilibrium
diagram for this alloy, this result was not reasonable. To ex-
plain this anomalous solidification behavior, post-flight experi-
ments were performed at high gravity levels in a centrifuge. Al-
loys of 7, 11.2, and 17 wt.% Sb were rotationally accelerated to
i, 25, 280, and i000 g for times of 0.i, i, i0, i00, and I000
minutes prior to solidification (see Reference (I) for
procedures). "It was observed that, although dual primary crys-
tals were observed in every case, the size of the Pb particles
increased with time and with an increase in g .... It should be
noted that 1 g for i000 min is not exactly equivalent to i000 g
for 1 min and that the Earth's gravity field effect on the 1 g
rotational field is less effective than the Earth's gravity field
on i000 g rotational field." (I, p. III-20)
The following conclusions from the above studies were reported:
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(i) The results from the mechanical studies indicated no discern-
ible difference between the low-gravity and ground-based samples.
"Due to cavities found in the SPAR II specimens only a minimum
number of mechanical tests were possible; however, the
microstructural portrayal overrode this deficiency." (i, p. III-
25)
(2) A shift in the eutectic composition of the flight and ground-
based samples was detected. This shift was attributed to super-
cooling at the particular solidification rates. However, this
shift was not clearly defined due to the presence of dual primary
crystallization products.
(3) The dual primary crystallization products were a result of
thermal supercooling.
(4) "High gravitational fields tend to sweep the nuclei respon-
sible for primary crystallization from the melt. This sweeping
action however results in radical segregation.
(5) "Due to the microgravity field experienced during solidifica-
tion of the SPAR specimens, the primary crystallization products
were homogeneously dispersed. All other gravity fields produced
[a] more... [erratic] dispersion of the Pb dendrites." (i, p.
III-25)
<It was reported in literature concerning the SPAR 1 experiment
(see Pond, SPAR i) that results from resistivity measurements on
the SPAR 1 sample and SPAR 2 samples would be reported together.
However, no mention of these examinations was made in the publi-
cations available at this time.>
Key Words: Metals and Alloys, Binary Systems, Eutectics, Eutectic
Shift, Hypoeutectics, Hypereutectics, Melt and Solidification,
Multiphase Media, Dispersion, Segregation, Density Difference,
Nucleation, Solid/Liquid Interface, Cooling Rate, Sample
Homogeneity, Homogeneous Dispersion, Supercooling, Sample
Microstructure, Dendrites, Cavity, Quench Process, Sample Defor-
mation, Electrical Resistivity, Tensile Strength, Superplastics,
Acceleration Effects, Sample Rotation, Vacuum, Centrifuge,
Processing at High Gravity Levels
Number of Samples: two
Sample Materials: (i) Pb-7.0 wt.% Sb, (2) Pb-18.0 wt.% Sb (both
Asarco Grade B-58 (99.99+%))
(Pb*Sb*)
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Container Materials: AISI 321 stainless steel
Experiment/Material Applications:
See Pond, SPAR i.
References/Applicable Publications:
(i) Pond, R. B., Sr., Winter, J. M, Jr., Van Doren, S. L., and
Shifler, D. A.: Space Solidification of Pb-Sb Eutectic Experiment
74-5. In Space Processing Applications Rocket Project, SPAR II
Final Report, NASA TM-78125, pp. III-i to III-29, November 1977.
(post-flight)
(2) Toth, S. and Frayman, M,: Measurement of Acceleration Forces
Experienced by Space Processing Applications. Goddard Space
Flight Center, Contract No. NAS5-23438, Mod. 23, ORI, Inc., Tech-
nical Report 1308, March 1978. (acceleration measurements, SPAR
1-4)
(3) Solidification of Pb-Sb Eutectic. In Descriptions of Space
Processing Applications Rocket (SPAR) Experiments, edited by
R. J. Naumann, NASA TM-78217, January 1979, pp. 3-4. (post-
flight)
(4) Pond, R. B: Space Processing Rocket Experiment 74-5 - Space
Solidification of Pb-Sb Eutectic. In Applications of Space
Flight in Materials Science and Technology, proceedings of a con-
ference held at the National Bureau of Standards, Gaithersburg,
Maryland, April 20-21, 1977, pp. 25-39. (post-flight)
Contact(s):
Prof. Dr. R. B. Pond
Dr. J. W. Winter
Marvalaud, Inc.
P.O. Box 331
Westminister, MD 21157
Prof. R. B. Pond
Johns Hopkins University
Department of Materials Science and Engineering
Maryland Hall
107 34th and Charles St.
Baltimore, MD 21218
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Principal Investigator(s): Fredriksson, H. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) Department of Casting of Metals, Royal In-
stitute of Technology (RIT), Stockholm, Sweden
Experiment Origin: Sweden
Mission: TEXUS 1
Launch Date/Expt. Date: December 1977
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Swedish TEXUS experiment module containing
two gradient furnaces
Builder of Processing Facility: Swedish Space Corporation (SSC),
Solna, Sweden
Experiment:
Dendritic Growth and Seqreqation Phenomena: Eutectic AI-Cu and
Hypereutectic AI-Cu
The TEXUS 1 rocket carried two experiments initiated by Fredriks-
son to examine dendritic growth and segregation in metallic
materials. The experiments were part of a series of investiga-
tions designed by the Principal Investigator to study low-gravity
solidification phenomena. One of the two TEXUS 1 experiments
(reported here) examined the influence of the low-gravity en-
vironment on the formation of eutectics and dendrites in two AI-
Cu alloys. The other TEXUS 1 experiment (reported under
Fredriksson, Dendritic Growth and Segregation Phenomena: Eutectic
Sn-Zn (see this chapter)) examined the influence of the low-
gravity environment on the formation of plate-like eutectics in
the Sn-Zn alloy.
Two gradient furnaces within the TEXUS 1 Swedish Module were used
to process two 8-mm diameter, 100-mm long aluminum-copper
samples. Prior to the flight, an AI-Cu eutectic alloy was con-
figured in one of the furnaces, and an AI-Cu hypereutectic alloy
was configured in the other furnace. The furnaces were designed
to melt and directionally solidify samples with melting points
below i000 °C. During the flight, the two samples were (i)
melted (in approximately i00 seconds) using a ceramic resistive
heating element and then (2) directionally solidified (at ap-
proximately 25 mm/min) via a phase change heat sink in contact
with one end of the sample. Control samples were processed under
l-g conditions for comparison.
Post-flight analysis revealed that the solidification rate of the
eutectic low-gravity sample was greater by a factor of two over
the l-g eutectic sample. However, the "solidification
acceleration" of the Earth sample was greater than that of the
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low-g sample. <Note: The meaning of "solidification
acceleration" was unclear to the authors of this experiment sum-
mary.> Despite these differences in experimental parameters, the
structures of the low-gravity and l-g samples exhibited no sig-
nificant differences. It was noted, however, that the lamellar
spacing was smaller and the fault density was greater in the low-
g processed sample. This difference in fault density was prob-
ably caused by the higher solidification rate of the space
sample. When the fault density was plotted against the lamellar
spacing for the l-g and low-gravity samples, the curves were al-
most identical. Any differences in the curves were attributed to
the large standard deviation in the measured data.
The differences between the solidification rate and the
solidification acceleration of the hypereutectic low-gravity and
l-g samples were similar to those observed in the eutectic
sample. Further, both the Earth-processed and low-g processed
hypereutectic AI-Cu samples exhibited a columnar crystal zone
sandwiched between two equiaxed zones. Reportedly, the equiaxed
zones found in the low-gravity sample were caused by either (i)
the lack of gravity-driven convection in the melt or (2) a dif-
ference in the thermal gradient between the two samples. The
primary dendrite arm spacing through the columnar zones was con-
stant for both samples, but larger for the space sample. The
secondary arm spacing of both l-g and low-gravity samples first
decreased in the first-to-solidify section of the sample, and
then increased. Reportedly, these results could not be explained
and it was proposed that further experimentation was needed to
determine the cause.
Key Words: Metals and Alloys, Binary Systems, Eutectics, Hyper-
eutectics, Melt and Solidification, Resistance Heating, Direc-
tional Solidification, Thermal Gradient, Columnar Solidification,
Equiaxial Zone, Buoyancy-Driven Convection, Buoyancy Effects
Diminished, Segregation, Solid/Liquid Interface, Growth Rate,
Sample Microstructure, Dendritic Solidification, Dendritic Arm
Spacing, Lamellar Structure, Fault Spacing
Number of Samples: two
Sample Materials: Hypereutectic aluminum copper (15% Cu), and
eutectic aluminum copper
(AI*Cu*)
Container Materials: boron nitride
(B,N*)
14-4.7
Experiment/Material Applications:
The specific reason why the Al-Cu alloys were selected for this
experiment was not detailed in the available publications. They
may have been chosen because the eutectic alloys are well charac-
terized and have been extensively investigated in the past. They
also solidify at a low temperature and thus were suitable for
processing in the employed gradient furnace.
References/Applicable Publications:
(1) Carlberg, T., Fredriksson, H., Sunnerkranz, P., Grahn, S.,
and Stenmark, L.: The Swedish TEXUS Experiment-A Technical
Description and Some Preliminary Results. In Proceedings of Es-
range Symposium, Ajaccio, April 24-29, 1978, ESA SP-135. (post-
flight)
(2) Carlberg, T.: Solidification of Some Eutectic Alloys Under
Microgravity Conditions and at IG. In Proceedings of the 3rd
European Symposium on Material Sciences in Space, Grenoble, April
24--27, 1979, ESA SP-142, pp. 221-231.
(3) Solidification of Alloys. In Summary Review of Sounding
Rocket Experiments in Fluid Science and Materials Sciences, TEXUS
1 to 20, MASER 1 and 2, ESA SP-I132, February 1991, pp. 212-213.
(post-flight)
Contact(s):
Dr. H. Fredriksson or H. Shahani
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
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Principal Investigator(s): Fredriksson, H. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) Department of Casting of Metals,
stitute of Technology (RIT), Stockholm, Sweden
Royal In-
Experiment Origin: Sweden
Mission: TEXUS 1
Launch Date/Expt. Date: December 1977
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Swedish TEXUS experiment module containing
an ellipsoidal mirror furnace
Builder of Processing Facility: Swedish Space Corporation (SSC),
Solna Sweden
Experiment:
Dendritic Growth and Seqreqation Phenomena: Eutectic Sn-Zn
Typically, the solidification structure of a Sn-Zn eutectic is
that of a fan or plate-like structure (also common in Fe-C, Fe-
Fe3C, and Al-Si alloys). This structure "...is formed when frag-
ments of a crystal are broken off, turned a few degrees and then
grow to form new plates." (i, p. 336) This solidification
mechanism is highly dependent on the temperature fluctuations and
convective flow within the liquid. If the fan-like structure
cannot form (quiescent melt conditions), then a normal eutectic
structure results.
The TEXUS 1 rocket carried two experiments initiated by Fredriks-
son to examine dendritic growth and segregation in metallic
materials. The experiments were part of a series of investiga-
tions designed by the Principal Investigator to study low-gravity
solidification phenomena. The other of the two TEXUS 1 experi-
ments (reported under Fredriksson, TEXUS i, Dendritic Growth and
Segregation Phenomena: Eutectic AI-Cu and Hypereutectic AI-Cu
(see this chapter)) examined the influence of the low-gravity en-
vironment on the formation of eutectics and dendrites in two AI-
Cu alloys. This TEXUS 1 experiment (reported here) examined the
influence of the low-gravity environment on the formation of
plate-like eutectics in the Sn-Zn alloy.
During the TEXUS 1 mission, a 1 cm 3 sample was isothermally
melted and resolidified in one of the ten mirror furnaces which
was contained in a section of the TEXUS Swedish experiment
module. (The Swedish Module as a whole contained ten ellipsoidal
isothermal mirror furnaces and two gradient furnaces.) The mir-
ror furnaces were designed to melt and isothermally resolidify
metallic samples with melting points below I000 °C. In each mir-
ror furnace, radiation from two 150 W halogen lamps was focused
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by ellipsoidal mirrors on the sample. Heat was extracted from
the sample by (i) conduction through the sample holder and (2)
radiation to the furnace cavity.
A control sample was also processed under l-g conditions for com-
parison. It was reported that 90% of the processed control
sample exhibited a fan-like structure and approximately 10% of
the sample exhibited a normal eutectic structure. This normal
structure was located at the surface area at the center of the
sample.
Both the fan-like and eutectic structures were present in the
low-gravity sample. Approximately 40% of the structure exhibited
the normal type of eutectic interspersed with plate-like Zn crys-
tals. The remaining 60% of the structure exhibited the fan-like
eutectic. The normal eutectic was somewhat coarser than that of
the control sample. These differences were most likely due to
the lack of convection which existed within the space sample.
Key Words: Metals and Alloys, Binary Systems, Eutectics, Melt and
Solidification, Buoyancy-Driven Convection, Buoyancy Effects
Diminished, Segregation, Solid/Liquid Interface, Isothermal
Processing, Heat Conduction, Radiative Cooling, Sample
Microstructure, Surface Morphology, Dendritic Solidification,
Platelike Structure, Fan-Like Structure, Sample Microstructure,
Halogen Lamps
Number of Samples: one
Sample Materials: eutectic Sn-Zn
(Sn*Zn*)
Container Materials: unknown
Experiment/Material Applicationsz
The specific reasons why the Sn-Zn alloy was selected for this
experiment were not detailed in the available publications.
References/Applicable Publications:
(i) Carlberg, T., Fredriksson, H., Sunnerkranz, P., Grahn, S.,
and Stenmark, L.: The Swedish Texus Experiment--A Technical
Description and Some Preliminary Results, In Proceedings of Es-
range Symposium, Ajaccio, April 24-29, 1978, ESA SP-135, June
1978, pp. 325-338.
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(2) Carlberg, T.: Solidification of Some Eutectic Alloys Under
Microgravity Conditions and at l-g. In Proc. of the 3rd European
Symposium on Material Science in Space, Grenoble, April 24-27,
1979, ESA SP-142, June 1979, pp. 221-231.
(3) Solidification of Alloys. In Summary Review of Sounding
Rocket Experiments in Fluid Science and Materials Sciences, TEXUS
1 to 20, MASER 1 and 2, ESA SP-I132, February 1991, pp. 212-213.
(post-flight)
Contact(s):
Dr. H. Fredriksson or H. Shahani
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
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Principal Investigator(s): Fredriksson, H. (i)
Co-Investigator(s): Unknown
Affiliation(s): (1) Department of Casting of Metals, Royal In-
stitute of Technology (RIT), Stockholm, Sweden
Experiment Origin: Sweden
Mission: TEXUS 2
Launch Date/Expt. Date: November 1978
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Swedish TEXUS experiment module containing
one ellipsoidal mirror furnace (MF 7)
Builder of Processing Facility: Swedish Space Corporation (SSC),
Solna, Sweden
Experiment:
Isothermal Solidification of Eutectic Al-Si Alloy
This TEXUS 2 experiment was one in a series of investigations
designed by Fredriksson to study low-gravity solidification
phenomena (see Fredriksson, TEXUS i, TEXUS 2). The specific ob-
jective of the experiment was to study the solidification of a
plate-like eutectic in the absence of gravity-induced convection.
A similar experiment, which examined the expected plate-like
eutectic formation of a Sn-Zn eutectic was conducted during the
earlier TEXUS 1 mission (see Fredriksson, TEXUS i, Dendritic
Growth and Segregation Phenomena, Eutectic Sn-Zn (this chapter)).
It was reported that, under low-gravity conditions, the TEXUS 1
eutectic tended to form a normal, rather than plate-like, struc-
ture.
During the TEXUS 2 experiment, an AI-12.5 wt% Si alloy was melted
and isothermally resolidified in one of the ellipsoidal mirror
furnaces contained in the Swedish TEXUS experiment module. (See
Fredriksson, TEXUS i, Dendritic Growth and Segregation Phenomena,
Eutectic Sn-Zn for a detailed discussion of the furnace.) A cor-
responding reference sample was processed under l-g conditions
for comparison.
Post-flight examination of the low-gravity processed sample
revealed that three different structures formed in the sample.
Nearly 80% of the sample exhibited the fan-like eutectic
(compared to 60% for the Sn-Zn eutectic flown on TEXUS i). A
small percentage of the sample exhibited the normal eutectic,
consisting of Si rods within an A1 matrix. The remainder of the
sample exhibited a "divorced eutectic structure" (i, p. 149) made
up of si particles and platelets distributed randomly throughout
the A1 matrix. The control (l-g processed) sample exhibited 90%
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fan-like structure, 5% divorced eutectic, and 5% normal eutectic
structure (located in the center).
Comparison of the thermal histories of the l-g control sample and
the low-g sample indicated that the solidification time of the l-
g sample was shorter (34 seconds) than that of the rocket sample
(42 seconds). (A similar trend in the solidification times was
also observed for the TEXUS 1 and l-g Sn-Zn samples.) The in-
crease in solidification time was probably due to the decreased
contact (in low gravity) between sample and crucible wall.
Divorced eutectic will form when there exists a large number of
Si particles in a localized area. The control sample, which was
above the melt temperature longer than the low-gravity sample,
probably had a greater opportunity for more complete dissolution
of the Si. The increased amount of divorced eutectic in the low-
g sample was probably caused by more undisolved Si in the sample,
rather than a convective contribution. Reportedly, it could be
argued that the dissolution of Si in the melt required more time
because of the lack of convection. However, this could not be
confirmed.
Since the amount of normal eutectic is the same in both samples,
no influence of low-gravity conditions on the formation of the
fan-like structure could be discerned.
Key Words: Metals and Alloys, Binary Systems, Eutectics, Melt and
Solidification, Metallic Matrix, Buoyancy-Driven Convection,
Buoyancy Effects Diminished, Segregation, Dispersion, Particle
Dispersion, Particle Distribution, Dissolution, Solid/Liquid In-
terface, Isothermal Processing, Heat Conduction, Radiative Cool-
ing, Solidification Rate, Surface Morphology, Rod Structure,
Platelike Structure, Platelet Habit, Fan-Like Structure, Sample
Microstructure, Sample Detachment From Crucible, Crucible Effects
Number of Samples: one
Sample Materials: aluminum-silicon (12.5 wt% Si)
(AI*Si*)
Container Materials: unknown
Experiment/Material Appliaations:
The specific reasons why an Al-Si alloy was selected for this ex-
periment were not detailed in the available publications.
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References/Applicable Publications:
(i) Fredriksson, H.: Solidification Studies. In Shuttle/Spacelab
Utilization, Final Report, Project TEXUS II, 1978, pp. 146-157.
(post-flight)
(2) Carlberg, T.: Solidification of Some Eutectic Alloys Under
Microgravity Conditions and at l-g. In Proc. of 3rd European
Symposium on Material Science in Space, Grenoble, April 24-27,
1979, ESA SP-142, pp. 221-231.
(3) Solidification of Alloys. In Summary Review of Sounding
Rocket Experiments in Fluid Science and Materials Sciences, TEXUS
1 to 20, MASER 1 and 2, ESA SP-I132, February 1991, p. 216.
(post-flight)
Contact(s):
Dr. H. Fredriksson or H. Shahani
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
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Principal Investigator(s): Fredriksson, H. (i)
Co-Investigator(s): Unknown
Affiliation(s): (1) Department of Casting of Metals, Royal In-
stitute of Technology (RIT), Stockholm, Sweden
Experiment Origin: Sweden
Mission: TEXUS 7
Launch Date/Expt. Date: May 1983
Launched From: ESRANGE, Kiruna Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Unknown
Builder of Processing Facility: Unknown
Experiment:
Dendritic Growth and Seqregation Phenomena
This TEXUS 7 experiment was one in a series of investigations
designed by Fredriksson to study low-gravity solidification
phenomena (see Fredriksson, TEXUS i, TEXUS 2, TEXUS 3, TEXUS 3b,
TEXUS 5 (Chapters 14 and 17)).
No discussion of the objectives, setup, or results from this ex-
periment could be located.
Key Words: Metals and Alloys, Melt and Solidification, Segrega-
tion, Dendritic Solidification, Dendrites
Number of Samples: unknown
Sample Materialsz unknown
Container Materials: unknown
Experiment/Material Applications:
unknown
References/Applicable Publications:
Applicable publications could not be located.
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Contact(s):
Dr. H. Fredriksson or H. Shahani
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
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Principal Investigator(s): Fredriksson, H. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) Department of Casting of Metals,
stitute of Technology (RIT), Stockholm, Sweden
Royal In-
Experiment Origin: Sweden
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab i: Columbia)
Launch Date/Expt. Date: November 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility
Processing Facility: Isothermal Heating Facility (IHF) furnace
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Dendritic Growth and Microsegregation (IES314)
This Spacelab 1 experiment was one in a series of investigations
designed by Fredriksson et al. to study low-gravity solidifica-
tion phenomena (see Fredriksson, TEXUS i, TEXUS 2, TEXUS 3, TEXUS
3b, TEXUS 5, TEXUS 7 (Chapters 14 and 17)).
A document published prior to the launch of Spacelab 1 (Reference
(1)) reported that a binary AI-Cu alloy was to be investigated.
The reference further reported that the objective of the experi-
ment was to investigate the influence of system convection on (1)
dendritic formation and (2) microsegregation.
No discussion of the experimental setup or post-flight results
from this experiment could be located.
Key Words: Metals and Alloys, Binary Systems, Melt and
Solidification, Segregation, Microsegregation, Convection,
Dendritic Solidification, Dendritic Structure
Number of Samples: unknown
Sample Materials: Reportedly, binary AI-Cu alloy
(AI*Cu*)
Container Materials: unknown
14-57
Experiment/Material Applications:
unknown
References/Applic_le Publications:
(i) Spacelab 1 Experiments. NASA/ESA, Marshall Space Flight Cen-
ter, Document No. 15M983, p. 17. (preflight; brief discussion of
experiment purpose)
(2) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements)
Contact(s):
Dr. H. Fredriksson or H. Shahani
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
14-58
Principal Investigator(s): Fredriksson, H. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) Department of Casting of Metals, Royal In-
stitute of Technology (RIT), Stockholm, Sweden
Experinent Origin: Sweden
Mission: TEXUS i0
Launch Date/Expt. Date: May 1984
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Unknown
Builder of Processing Facility: Unknown
Experiment:
Unidirectional Solidification of Sn-Al Samples
This TEXUS 10 experiment was one in a series of investigations
designed by Fredriksson to study low-gravity solidification
phenomena (see Fredriksson, TEXUS i, TEXUS 2, TEXUS 3, TEXUS 3b,
TEXUS 5, TEXUS 7, Spacelab 1 (Chapters 14 and 17)).
No discussion of the experimental objectives, equipment setup, or
post-flight results of this investigation could be located.
Key Words: Metals and Alloys, Binary Systems,
Solidification, Directional Solidification
Melt and
Number of Samples: unknown
Sample Materlalsz tin-aluminum alloy
(Sn*AI*)
Container Materials: unknown
Experiment/Material Applications:
unknown
References/Appllcable Publications:
Applicable publications could not be located.
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Contact(s):
Dr. H. Fredriksson or H. Shahani
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
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Principal Investigator(s): Fredriksson, H. (1), Smith, R. W. (2)
Co-Investigator(s): Shahani, H. (3)
Affiliation(s): (1) Department of Casting of Metals, Royal In-
stitute of Technology (RIT), Stockholm, Sweden; (2) Department of
Materials and Metallurgical Engineering, Queens University,
Kingston, Ontario, Canada; (3) During MASER 1: Queens University,
Kingston, Ontario, Canada, Currently: Sandvic Research, Stock-
holm, Sweden
Experiment Origin: Sweden/Canada
Mission: MASER 1
Launch Date/Expt. Date: March 1987
Launched From: Esrange, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Four identical platinum wound gradient fur-
naces housed within the SSC/Gradient Furnace (SSC/GF) module
(This gradient furnace was "...a further development of the
ESA/SSC TEXUS Gradient Furnace, featuring higher temperature
operation and an improved heat sink control .... " (1, p. 14))
Builder of Processing Facility: Swedish Space Corporation (SSC),
Solna, Sweden
Experiment:
Precipitation in Aq-Sn System/Microgravity Growth of Eutectics
(Au-Sn)
<Note: Reference (i) (as listed below) reported that there were
two experiments flown on MASER 1 in the Gradient Furnace Module:
(i) Precipitation of Ag-Sn System (Principal Investigator, H.
Fredriksson), and (2) Microgravity Growth of Eutectics (Ag-Sn)
(Principal Investigator, R. W. Smith). In his review of this ex-
periment summary, however, R. W. Smith reported that the two ex-
periments were actually a collaborative experiment between the
Principal and Co-Investigators listed above.>
Macrosegregation, "...a large degree of composition variation in
an ingot in distances much larger than the dendritic arm spac-
ing..." (2, p. I0) is believed to be related to (among other
phenomena) (i) interdendritic fluid flow caused by buoyancy
forces, and (2) sedimentation of components of differing den-
sities within the melt. During processing in a low-gravity en-
vironment, these gravity-driven phenomena should be somewhat
suppressed, thereby reducing the macrosegregation of the
solidified system.
This MASER 1 experiment was one in a series of investigations
designed by Fredriksson et al. to study low-gravity solidifica-
tion (see Fredriksson, TEXUS i, TEXUS 2, TEXUS 3, TEXUS 3b,
TEXUS 5, TEXUS 7, Spacelab i, TEXUS i0, TEXUS 12, TEXUS 14a
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(Chapters 13,14 and 17)). The overall objective of the experi-
ment was to investigate the influence of gravity on the macro-
segregation of silver-tin hypereutectic alloys. More specifi-
cally, the research was to examine sample macrosegregation as a
function of Ag content.
Prior to the rocket launch, four alloys, each with a different Ag
content (5%, 8%, 12%, and 20%), were prepared from high purity
Sn(99.999%) and Ag(99.999%). The 5 mm diameter, 60 mm long
samples (which were each housed in a stainless steel tube) were
placed in four identical gradient furnaces within the MASER
Gradient Furnace Module.
During the low-gravity phase of the flight, the samples were
heated to a temperature 50 °C above their respective liquidus
temperatures. The 5% Ag content sample was heated to 270 °C,
the 8% sample to 330 °C, the 12% sample to 360 °C, and the 20%
sample to 420 °C. (The sample temperature was measured at three
points along the specimen surface during the processing.) After
the liquidus temperature was reached, heating was terminated.
Heat was then extracted through a copper rod (attached at one end
of the sample) into a heat sink (consisting of a copper can
filled with paraffin wax).
After the rocket flight, the microstructure and composition
profiles of the low-g processed samples were compared to ground-
processed samples which had been similarly melted and solidified
in (i) solid-down positions and (2) solid-up positions. Thermal
analysis of the 12% Ag flight sample indicated that a radial heat
loss strongly affected the growth. In addition, calculations of
the temperature gradient at the eutectic front indicated that the
gradient was "...around 15-20 °C/cm for the solid-down ground
samples and 2-10 °C/cm for the flight and solid-up samples." (2,
p. 13) Thermal analysis of the other Sn-Ag samples was not
detailed.
It was reported that generally, "In [the Sn-Ag system] hyper-
eutectic melts (up to 48 wt.% Ag), solidification starts with
precipitation of the... [gamma]-phase (Ag3Sn) and continues with
a eutectic reaction at 221 °C." (2, p. i0) "Due to [a] rela-
tively low temperature gradient (2-15 °C/cm) and noticeable
radial heat loss, no directionality of the... [gamma] phase in
[the flight] Sn-Ag samples... [could] be observed. The thickness
and number of... [gamma particles] in the [ground-based] solid-
down samples... [decreased] from bottom to the top while they
remained constant in [ground-based] solid-up and flight samples.
The structure of flight samples and solid up samples in this
work... [were] very similar. The shape and morphology of...
[gamma] phase... [did not change] in parallel samples. The ex-
periment and calculations... [indicated] that the macrosegrega-
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tion observed in this work... [was] caused by the interdendritic
fluid flow only, and.., can be explained with a mathematical
model." (2, p. 15)
The mathematical model, which described the effect of solutal
convection on macrosegregation, was based on the interdendritic
fluid flow. The model system consisted of "A cylindrical tube
with height H and base area A... filled with the melt with ini-
tial composition of Co . During cooling... [gamma]-phase
precipitates and the melt in the solid-liquid region (mushy zone)
becomes enriched with tin with lower density with respect to the
bulk. This initiates a flow from the mushy zone to the bulk. A
mass balance for the enrichment of the melt due to solutal con-
vection was written..." (2, p. 14) containing Ca (the solute con-
centration in the interdendritic channels). Details of the
analysis is presented on pp. 14-15 of Reference (2).
In summary, the analysis indicated that the macrosegregation de-
pended primarily on the growth velocity and the gravity level.
"For increasing growth velocity R, or decreasing B [a term con-
taining gravity], the amount of macrosegregation decreases." (2,
p. 15)
Key Words: Metals and Alloys, Melt and Solidification, Direc-
tional Solidification, Thermal Gradient, Binary Systems, Eutec-
tics, Hypereutectics, Sedimentation, Macrosegregation, Precipita-
tion, Solutal Gradients, Thermosolutal Convection, Buoyancy-
Driven Convection, Heat Transfer, Buoyancy Forces, Density Dif-
ference, Composition Distribution, Growth Rate, Mushy Zone,
Solid/Liquid Interface, Sample Microstructure, Interdendritic
Fluid Flow, Dendritic Arm Spacing
Number of Samples: four
Sample Materials: (i) Sn - 5 wt.% Ag, (2) Sn - 8 wt.% Ag, (3) Sn
- 12 wt.% Ag and (4) Sn - 20 Wt.% Ag
(Sn*Ag*)
Container Materials: thin walled stainless steel tubes
Experiment/Material Applications:
The Sn-Ag system was chosen for this research because "The dif-
ferences in densities of the hypereutectic and eutectic melts are
relatively large, and [a] large degree of macrosegregation is ex-
perienced under normal gravity. Furthermore, this system has a
low melting point and low reactivity which make it suitable for
sounding rocket experiments." (2, p. 10-11)
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References/Applicable Publications:
(i) Zaar, J. and Anggard, K.: MASER and its Effectiveness and Ex-
perimental Results. In: In Space '87, October 13-14, 1987, Japan
Space Utilization Promotion Center (JSUP), 32 pp. (post-flight;
short description)
(2) Shahani, H., Fredriksson, H., and Smith, R. W.: The Effect of
Gravity on the Macrosegregation in Tin Silver Alloys. Appl.
Microgravity Tech. II (1989)1, pp. 10-16. (post-flight)
(3) J6nsson, R.: The Microgravity Program in Sweden- Emphasis on
the Materials Rocket MASER. In 15th International Symposium on
Space Technology and Science, Tokyo, Japan, May 19-23, 1986, pp.
2099-2110. (preflight)
(4) Zaar, J., Bj6rn, L., and J6nsson, R.: Preliminary MASER 1
Results and the Evolution of the MASER Programme. In Proceedings
of the 8th ESA Symposium on European Rocket and Balloon
Programmes and Related Research, Sunne, Sweden, May 17-23, 1987,
ESA SP-270, pp. 359-361. (post-flight; very short summary)
(5) J6nsson, R.: SSC Microgravity Sounding Rocket Program MASER.
37th Congress of the International Astronautical Federation, In-
nsbruck, Austria, October 4-11, 1986. (preflight)
(6) Macrosegregation in Ag-Sn Alloys. In Summary Review of
Sounding Rocket Experiments in Fluid Science and Materials
Sciences, ESA SP-I132, February 1991, pp. 216-217. (post-flight)
(7) Input Received from Principal Investigator R. W. Smith, Oc-
tober 1993.
Contact(s):
Dr. H. Fredriksson
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
R. W. Smith
Department of Materials and Metallurgical Engineering
Nichol Hall
Queens University
Kingston, Ontario
K7L3N6
Canada
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Principal Investigator(s): Fredriksson, H. (i)
Co-Investigator(s): Shahani, H. (2)
Affiliation(s): (1,2) Department of Casting of Metals, Royal In-
stitute of Technology (RIT), Stockholm, Sweden
Experiment Origin: Sweden
Mission: MASER 2
Launch Date/Expt. Date: February 1988
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facillty: Swedish Space Corporation Gradient Furnace
(SSC/GF) (The GF furnace was also used by Fredriksson during
MASER i)
Builder of Processing Facility: Swedish Space Corporation, Solna,
Sweden
Experiment:
Primary Precipitated Crystal in Directional Solidification
AI-Cu
"The mechanism of the columnar-equiaxed transition process is
strongly influenced by the natural convection in the melt. Free
crystals can grow ahead of the solidification front when the
cooling rate is sufficiently high and the solidification rate
sufficiently slow. These crystals can then block the columnar
growth by adhering to the front. According to this theory, the
columnar zone should be longer under microgravity." (4, p. 218)
This MASER 2 experiment was one of a series of investigations
designed by Fredriksson to study low-gravity solidification
phenomena (see Fredriksson, TEXUS i, TEXUS 2, TEXUS 3, TEXUS 3b,
TEXUS 5, TEXUS 7, Spacelab i, TEXUS i0, TEXUS 12, TEXUS 14a,
MASER i, TEXUS 14b (Chapters 13, 14, and 17)). The specific ob-
jective of the experiment was to study the directional
solidification of two Al-Cu alloys.
Prior to the rocket launch, two 5-mm diameter, 60-mm long samples
were prepared. The first sample consisted of AI-20% Cu and the
second sample consisted of AI-43% Cu. <Note Reference (3) indi-
cated that the samples were 5 mm in diameter; Reference (4) indi-
cated that the samples were 4 mm in diameter.>
During the mission, each sample was processed in its own furnace
within the MASER Gradient Furnace (GF) Module. (The GF module,
which consisted of four furnaces in all, was also used for
another MASER 2 experiment (see Fredriksson, MASER 2, "The
Gradient Solidification of Immiscible Alloys Zn-Pb" (Chapter
17)).) During the low-gravity phase of the rocket, each sample
was heated to 200 °C above their liquidus temperature. (The
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sample temperature was measured during processing at three dif-
ferent locations in the graphite crucible wall.) After 2
minutes, the furnaces were turned off and the directional
solidification phase initiated when a copper rod (which touched
the bottom of the sample) came into contact with a phase-change
heatsink. Heat was extracted through the copper rod and into the
heatsink. (The heatsink contained paraffin wax). Reference
samples were processed on Earth with the solid down.
Post-flight analysis of the MASER payload indicated that the fur-
naces operated nominally and that the samples were processed as
expected. Metallographic investigations of the flight samples
indicated that they exhibited (I) "very good directionality" and
(2) seemingly little macrosegregation. More specifically, it was
reported that "The AI-43 % Cu flight and ground samples exhibited
a well oriented structure up to their top. The AI-20 % Cu flight
sample was less oriented. The spacing of the... [theta]-phase in
the AI-43% Cu and the secondary arm spacing in the AI-20% Cu were
measured in cross-sections ever 1 cm along the samples. The dif-
ferences between flight and ground processed samples were in the
range of the precision of the measurements." (4, p. 218)
Temperature gradient calculations resolved from available flight
thermal data illustrated "...that the temperature gradient drops
continuously from around 100K/cm to around zero at the end of the
sample." (3, Appendix 5, p. 2) Growth velocity calculations in-
dicated that for the AI-20% Cu sample, the "...velocity was con-
stant for almost half the length of the sample at around 400
micrometer per second. This value was increasing to around 2000
micrometer per second at the end of the sample." (3, Appendix 5,
p. 2) Similar growth velocity calculations for the AI-43% Cu
sample indicated that "...an almost constant growth velocity
throughout the sample at around 600 micrometers per second." (3,
Appendix 5, p. 3)
The lengths of the samples' columnar zones were presented:
For the 20% Cu sample:
flight: 1.7 cm
ground: 3.4 cm
For the 43% Cu sample
flight 5.4 cm
ground 5.2 cm
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<Note: These results somewhat contradicted the theory that colum-
nar zones should be longer in materials produced in a reduced
gravity environment. The investigators appeared to explain this
discrepancy in Reference (4) although their explanation was not
entirely clear to the editors:>
"It is thought that due to the low gradients, the length of the
'mushy' zone was up to several cm and that an extended network
was formed ahead of the front. Due to the small size of the
samples, convection was hampered on ground and similar structures
were obtained." (4, p. 218)
Very little additional information concerning this experiment
could be located at this time.
Key Words: Metals and Alloys, Melt and Solidification, Direc-
tional Solidification, Binary Systems, Columnar to Equiaxed Tran-
sition, Macrosegregation, Precipitation, Buoyancy-Driven Convec-
tion, Thermal Gradient, Cooling Rate, Solidification Rate, Mushy
Zone, Solidification Front Physics, Solid/Liquid Interface,
Sample Microstructure, Dendritic Solidification, Dendritic Arm
Spacing
Number of Samplesz two
Sample Materials: (i) AI-20% Cu and (2) AI-43% Cu
(AI*Cu*)
Container Materials: graphite
(c*)
Experlment/Material Applicationsz
Direct applications were unspecified for the AI-Cu system.
References/Applicable Publicationsz
(i) Zaar, J. and _mggard, K.: MASER and its Effectiveness and Ex-
perimental Results. In: In Space '87, October 13-14, 1987, Japan
Space Utilization Promotion Center (JSUP), 32 pp. (preflight)
(2) Zaar, J. and Dreier, L.: MASER 2 Final Report. Swedish Space
Corporation, Solna, Sweden, RMLO/I-7, August 30, 1988. (post-
flight)
14-67
(3) Directional Solidification of AI-Cu Alloys. In MASER 2 Final
Report, Swedish Space Corporation, Solna, Sweden RMLO/I-7, August
30, 1988, Appendix 5, pp. 2-3. (post-flight)
(4) Directional Solidification of AI-Cu Alloys. In Summary
Review of Sounding Rocket Experiments in Fluid Science and
Materials Sciences, ESA SP-I132, February 1991, pp. 218-219.
(post-flight)
Contact(s):
Dr. H. Fredriksson or H. Shahani
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
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Principal Investlgator(s): Haessner, F. (1), Hettwer, K. J. (2)
Co-Investigator(s): None
Affiliation(s): (1,2) Institut fur Werkstoffkunde und Herstel-
lungsverfahren, Technische Universt_t Braunschweig, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 2
Launch Date/Expt. Date: November 1978
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 02 (large
isothermal muffle furnace)
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Alloy Formation
Solution calorimetry is the most accurate method available to
determine heats of formation of metallic phases. During the
calorimetry (1) a metallic phase is dissolved in a metallic melt,
(2) the change in temperature of the melt is measured, and (3)
the heat of solution is determined. Similarly, individual ele-
ments of the metallic phase under investigation are dissolved in
the melt and the heat of solution for the elements is determined.
The difference between these two heats of solution is the heat of
formation of the phase.
If the metals (for example, chemical elements from the periodic
table in (i) group IV, (2) group V, or (3) the Rare-Earth
section) react with the crucible, then the heat of solution can-
not be determined accurately because it is superimposed upon the
heat of reaction. In the low-gravity environment, the
calorimetry can take place in a crucible free system, thus
eliminating these difficulties.
This TEXUS 2 experiment was the first in a series of investiga-
tions designed by Haessner et al. to study the effects of the
low-gravity environment on the heats of formation of metallic
phases. The specific objectives of the experiment were to deter-
mine (1) the time required for a solid metal sample to dissolve
in a liquid melt, (2) the influence of the released heat of reac-
tion on the solution, (3) the factors which disturb the measure-
ment process, and (4) the diffusion-inhibitive internal surfaces
which affect the process.
The experiment was performed in the TEXUS Experiment Module TEM
02 large muffle furnace. The furnace contained three steel
plates (20 mm apart) attached to a central rod. Each plate held
three A1 samples contained in AI203 rings such that the A1
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samples protruded above the rings. Six different metals were
chosen as alloying samples for the aluminum: copper, nickel,
titanium, niobium, tantalum, and molybdenum. An alloying
specimen was configured above each A1 sample in a specimen
holder. (The specimen holders were also attached to the central
rod.) The entire apparatus was contained in a quartz tube.
Video equipment recorded the experiment.
Prior to the rocket launch, the furnace was preheated to 600 °C.
After launch, a battery was activated which further heated the
furnace to between 796 and 816 °C and the A1 samples melted form-
ing liquid drops. Once the desired temperature and low-gravity
conditions were achieved, the solid, pure metal alloying samples
were pushed into the liquid A1 drops and held for 190 seconds.
Cooling was then initiated (while still under low-gravity
conditions) by the introduction of a gas along the outside of the
quartz furnace chamber. This external cooling procedure was
employed to prevent damage of the specimens by the gas. The
measured cooling rates were between 5 and i0 °C/sec.
Post-flight examination of the space samples indicated that
"[the] space experiment [had] not fulfilled its expectations .... "
(i, p. i00). A leak in the quartz furnace chamber allowed cool-
ing gas to be introduced into the furnace chamber resulting in
two samples being blown from their holders. The remaining
samples had been deformed by the force of the gas. The gas had
also acted to separate the alloying specimens from the A1 drops.
Therefore, "[o]ne of the most important requirements of the solu-
tion experiment, i.e. solidification of alloys under gravity-free
conditions was no longer fulfilled." (I, p. 99)
Metallographic and X-ray micro-analysis of the flight samples il-
lustrated that "...no detectable localized alloying effect took
place." (i, p. 98) This was probably due to the fact that "[t]he
temperatures registered at the various sensing points did not in-
dicate the actual specimen temperature .... " (i, p. 99) It ap-
pears that the A1 drops were not completely molten and merely
deformed when the alloy specimen was inserted. Heat conduction
by the sample holders would have prevented any further heating
and subsequent melting of the A1 drop. Examination by scanning
electron microscopy did not contradict this deduction. It was
further reported that the presence of a thin oxide layer on the
A1 samples could have also prevented alloying.
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Key Words: Metals and Alloys, Binary Systems, Multiphase Media,
Melt and Solidification, Solution Calorimetry, Calorimetric
Measurements, Heats of Formation, Heat of Solution, Heat of Reac-
tion, Drops, Drop Formation, Dissolution, Diffusion, Liquid/Gas
Interface, Solid/Liquid Interface, Cooling Rate, Heat Conduction,
Highly Reactive Materials, Containerless Melt, Material Interac-
tion With Containment Facility, Crucible Effects, Oxide Layer,
Thin Films, Contamination Source, Gas Injection, Sample Deforma-
tion, Processing Difficulties
Number of Samples: nine
Sample Materials: Pure metals dissolved in liquid aluminum. Dis-
solving metals: copper, nickel, titanium, niobium, tantalum, and
molybdenum.
(Al*Cu*, AI*Ni*, AI*Ti*, AI*Nb*, AI*Ta*, AI*Mo*)
Container Materials: alumina (AI203 rings were used to hold the
molten aluminum)
(AI*O*)
Experiment/Material Applications:
It is difficult to determine the heats of formation of melts
which react with their crucible materials using the solution
calorimetry method. It was proposed that in the low-gravity en-
vironment, the calorimetry method could be performed in a
crucible-free system.
The specific reasons why the various metal combinations were
chosen for the experiment were not detailed in the available pub-
lications.
References/Applicable Publications:
(1) Haessner, F. and Hettwer, K. J.: Alloy Formation. In
Shuttle/Spacelab Utilization Final Report Project TEXUS II, 1978,
pp. 91-108. (post-flight)
(2) Haessner, F. and Hettwer, K. J.: Legierungsbildung unter
Schwerelosigkeit. May 1979, 01 QV 168-ZA-SN-SLN 7785/2,
DFVLR/BPT, K61n, Porz, Germany. (in German)
(3) Haessner, F., Hemminger, W., and Lukas, H. L.: Solution
Caloremetry in Zero Gravity for the Determination of Enthalpies
of Formation of Reactive Metals. In AIAA/ASME 1974 Thermophysics
and Heat Transfer Conference, Boston, Massachusetts, July 15-17,
1974, AIAA Paper #74-666. (preflight)
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(4) Input received from Experiment Investigator, August 1988 and
August 1993.
Contact(s):
Prof. Dr. F. Haessner
Technische Universt_t Braunschweig
Institut f_r Werkstoffe
Langer Kamp 8
38106 Braunschweig
Germany
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Principal Investigator(s): Haessner, F. (1), Wehr, P. (2)
Co-Investigator(s): None
Affiliation(s): (1,2) Institut f_r Werkstoffkunde und Herstel-
lungsverfahren, Technische Universt_t Braunschweig, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 5
Launch Date/Expt. Date: April 1982
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 02-1 (large
isothermal muffle furnace)
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Alloy Formation
This TEXUS 5 experiment was the second in a series of investiga-
tions designed by Haessner et al. to study the effects of the
low-gravity environment on the heats of formation of metallic
phases (see Haessner, TEXUS 2). The specific objectives of the
experiment were to investigate (i) the rate of dissolution of a
solid piece of metal in a solvent metal under low-gravity condi-
tions, (2) the influence of surface layers on this dissolubility,
(3) the type of microstructure formed under low-gravity condi-
tions, and (4) the heat of reaction influence on the process of
dissolution.
The experiment was conducted in the TEXUS Experiment Module TEM
02-1 large isothermal muffle furnace. <Note: No discussion of
the experimental apparatus and sample configuration (as specifi-
cally configured for TEXUS 5) was provided in the available
(English) publications.> During the mission, various metals (see
the Sample Materials section below) were dissolved in liquid
copper-titanium. Terrestrial experiments were performed under l-
g conditions using the same type of boundary conditions as the
flight experiment.
Post-flight examinations of both the flight and terrestrial
samples included macroscopic and microscopic inspections of the
microstructure as well as SEM and X-ray micro-analysis. The
results of the ground and flight experiments were compared and
may be located in a table in Reference (4). No discussion of the
results or conclusions accompanied the table.
<Note: Further information concerning this experiment (published
in English) could not be located at this time. The Principal In-
vestigator reported that additional information (published in
German) can be found in Reference (5).>
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Key Words: Metals and Alloys, Binary Systems, Multiphase Media,
Ternary Systems, Melt and Solidification, Solution Calorimetry,
Calorimetric Measurements, Heats of Formation, Heat of Solution,
Heat of Reaction, Drops, Drop Formation, Dissolution, Diffusion,
Solid/Liquid Interface, Cooling Rate, Sample Microstructure,
Highly Reactive Materials, Material Interaction With Containment
Facility, Crucible Effects
Number of Samples: thirty-five
Sample Materials: Metals and alloys dissolved in liquid copper-
titanium were: cobalt, iron, nickel, silicon, titanium, boron,
aluminum-titanium, aluminum-vanadium, cobalt-titanium, cobalt-
zirconium, iron-titanium, iron-zirconium, nickel-titanium,
nickel-zirconium, silicon-titanium, silicon-zirconium.
(Cu*Ti*Co*, Cu*Ti*Fe*, Cu*Ti*Ni*, Cu*Ti*Si*, Cu*Ti*, Cu*Ti*B*,
Cu*Ti*AI*Ti*, Cu*Ti*AI*V*, Cu*Ti*Co*Ti*, Cu*Ti*Fe*Ti*, Cu*Ti*
FeZr*, Cu*Ti*Ni*Ti*, Cu*Ti*Hi*Zr*, Cu*Ti*Si*Ti*, Cu*Ti*Si*Zr*)
Container Materials: It is not clear if sample containers were
employed for this experiment.
Experiment/Material Applications:
See Haessner, TEXUS 2.
The specific reasons why the various metal combinations were
selected for this experiment were not detailed in the available
publications.
References/Applicable Publications:
(i) Haessner, F. and Wehr, P. : Legierungsbildung unter
Schwerelosigkeit (LEBIUS) . December 1982, 01 QV 2098-ZA-SLN-
7910, Bundesminister f_r Forschung und Technologie. (in German)
(This report could possibly be ordered from the DFVLR/BPT, K61n-
Porz, Germany. )
(2) Haessner, F., Hemminger, W., and Lukas, H. L.: Solution
Calorimetry in Zero Gravity for the Determination of Enthalpies
of Formation of Reactive Metals. In Proceedings AIAA/ASME 1974
Thermophysics and Heat Transfer Conference, Boston Massachusetts,
July 15-17, 1974, AIAA Paper #74-666. (preflight)
(3) Input received from Experiment Investigator, August 1988 and
August 1993.
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(4) Alloy Formation. In Summary Review of Sounding Rocket Ex-
periments in Fluid Science and Materials sciences, TEXUS 1 to 20,
MASER 1 and 2, ESA SP-I132, February 1991, pp. 208-209. (post-
flight)
(5) Haessner, F., Hettwer, K. J., and Wehr, P.: Legierungsbildung
unter Schwerelosigkeit. In TEXUS i-i0, Zusammenfusseneler
Bericht, Deutsche Forschungsanstalt f_r Luft-und Raumfahrt, im
Auftragoles BMFT, 1990, pp. 87-91.
Contact(s):
Prof. Dr. F. Haessner
Technische Universt_t Braunschweig
Institut f_r Werkstoffe
Langer Kamp 8
38106 Braunschweig
Germany
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Principal Investigator(s): Unknown
Co-Investigator(s): Unknown
Affiliation(s): Unknown
Experiment Origin: Unknown
Mission: TEXUS 2
Launch Date/Expt Date: November 1978
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: One ellipsoidal Mirror Furnace (MF 4)
Builder of Processing Facility: Swedish Space Corporation
Solna, Sweden
(SSC) ,
Experiment:
Solidification of AI-Ti
<Note: The specific objectives of this experiment could not be
identified from the available literature. Further, very little
information could be found concerning the equipment setup.>
Reference (i) (as listed below) indicated that a AI-Ti
solidification experiment was performed on TEXUS 2 in the Mirror
Furnace designated as MF 4. It was reported that the "...furnace
did not start and therefore the AI-Ti sample did not melt." (i,
p. 215)
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Metals and Alloys, Melt and Solidification, Binary
Systems, Furnace Malfunction, Sample Not Processed As Planned
Number of Samples: unknown, probably one
Sample Materials: aluminum-titanium alloy
(AI*Ti*)
Container Materials: unknown
Experiment/Material Applications:
unknown
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References/Applicable Publications:
(i) Grahn, Civ. Ing. S.: Swedish Experiment Module. In
Shuttle/Spacelab Utilization, Final Report, Project TEXUS II,
1978, pp. 214-222. (post-flight)
Contact(s):
Possibly:
Dr. H. Fredriksson or H. Shahani
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
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Principal Investigator(s): Unknown
Co-Investigator(s): Unknown
Affiliation(s): Unknown
Experiment Origin: Unknown
Mission: TEXUS 2
Launch Date/Expt Date: November 1978
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Gradient Furnace (GF 2)
Builder of Processing Facility: Swedish Space Corporation (SSC),
Solna, Sweden
Experiment:
Solidification
<Note: The specific objectives of this experiment and the
materials which were processed could not be identified from
available literature. Further, very little information could be
found concerning the equipment setup or post-flight results.>
Reference (i) (as listed below) indicated that a solidification
experiment was performed on TEXUS 2 in the Gradient Furnace
designated as GF 2. However, it was reported that the furnace
temperature only reached 400 °C "...while the target temperature
was 700 °C. Power was commanded off for some unknown reason at
T+26 seconds. The Sn phase of the sample has leaked out of a
crack in the crucible but has only caused short circuits for
brief moments. The boronnitride spray applied to the heater to
avoid a repetition of the corresponding problems during the TEXUS
I flight prevented a major short to occur.
"Further analysis of other thermocouple readings are needed
before a complete assessment of this furnace can be made. The
sample is presently being analyzed, but it is not yet clear if it
melted completely." (i, p. 217)
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Metals and Alloys, Melt and Solidification, Liquid
Leakage, Furnace Malfunction, Processing Difficulties
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Number of Samples: unknown, possibly one
Sample Materials: unknown, included Sn
(Sn*)
Container Materials: unknown
Experiment/Materlal Applications:
unknown
References/Applicable Publications:
(i) Grahn, Civ. Ing. S.: Swedish Experiment Module.
Shuttle/Spacelab Utilization, Final Report, Project TEXUS
1978, pp. 214-222. (post-flight)
In
II,
Contact(s):
Unknown, possibly:
H. Fredriksson
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
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Principal Investigator(s): Unknown, possibly Fredriksson, H. (1)
Co-Investlgator(s}: Unknown
Affiliation(s): (1) Department of Casting of Metals, Royal In-
stitute of Technology (RIT), Stockholm, Sweden
Experiment Origin: Unknown, probably Sweden
Mission: TEXUS 2
Launch Date/Expt Date: November 1978
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Swedish experiment module containing one el-
lipsoidal mirror furnace (MF 8)
Builder of Processing Facility: Swedish Space Corporation (SSC),
Solna, Sweden
Experiment:
Isothermal Solidification of Eutectic AI-Si Alloy
This TEXUS 2 experiment was designed to study the low-gravity
solidification of eutectic alloys. It appears that the experi-
ment may have been related to an experiment by Fredriksson on
TEXUS 2, Isothermal Solidification of Eutectic Al-Si (see
Fredriksson, TEXUS 2, Eutectic AI-Si Alloy (this chapter)).
A description of the processing facility can be found under
Fredriksson, TEXUS i, Dendritic Growth and Segregation Phenomena:
Eutectic Sn-Zn (this chapter).
It was reported that ellipsoidal mirror furnace MF 8 "...did not
start and therefore the AI-Si sample did not melt." (i., p. 216)
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Metals and Alloys, Binary Systems, Eutectics, Melt and
Solidification, Isothermal Processing, Solid/Liquid Interface,
Furnace Malfunction, Sample Not Processed As Planned
Number of Samples: one
Sample Materials: aluminum-silicon alloy
(AI*Si*)
Container Material: unknown
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Experiment/Material Applications:
Unknown
References/Applicable Publications:
(1) Grahn, Civ. Ing. S.: Swedish Experiment Module. In
Shuttle/Spacelab Utilization, Final Report, Project TEXUS II,
1978, pp. 214-222. (post-flight)
Contact(s):
Unknown, possibly:
Dr. H. Fredriksson or H. Shahani
Dept. of Casting of Metals
Royal Institute of Technology (RIT)
S-I0044 Stockholm 70
Sweden
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Principal Investigator(s): Favier, J. J. (1)
Co-Investigator(s}: de Goer, J. (2), Le Maguet, R. (3)
Affiliation(s): (1,2,3) Laboratoire d'Etude de la Solidification,
Centre d'Etudes Nucleaires de Grenoble (CENG), Grenoble, France
Experiment Origin: France
Mission: TEXUS 4
Launch Date/Expt. Date: May 1981
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 03
Builder of Processing Facility: Deutsche Forschungs- und Ver-
suchsanstalt f_r Luft- und Raumfahrt (DFVLR), Germany <Note: The
DFVLR is now called the Deutsche Forschungsanstalt f_r Luft- und
Raumfahrt (DLR).>
Experiment:
Directional Solidification of AI2-Cu-AI Eutectics
This TEXUS 4 experiment was the first in a series of investiga-
tions designed by Favier et al. to study the directional
solidification of eutectic alloys under low-gravity conditions.
<Note: Very little information concerning this TEXUS 4 experiment
(published in English) could be located. Reference (4) reported
that the experimental results were summarized in Reference (3),
Section 3.2.2. However, this section appears to be discussing
results from the AI2-Cu-AI system processed during (i) Favier's
later TEXUS 6 misslon and (2) Favier's later Spacelab mission.
(Section 3.2.2, which briefly mentions TEXUS results, does not
specifically state which TEXUS mission it is discussing but does
list a reference citing TEXUS 6 results.)>
Reference (4) briefly summarized the experimental objectives and
results as follows: (i) the objective of the experiment was to
study the influence of natural convection on the microstructure
of lamellar eutectics and (2) experimental results indicated that
there was (a) no effect on lamellar spacing and (b) a small ef-
fect on perfection.
No additional discussions of the specific TEXUS 4 experimental
setup, or results (published in English) could be located.
However, Reference (2) mentions these subjects in conjunction
with the subsequent TEXUS 6 experiment.
See Favier, TEXUS 6 (this chapter).
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<Note: An English translation of Reference (i) (as listed below)
was not available at the time this experiment summary was
prepared.>
Key Words: Metals and Alloys, Eutectics, Binary Systems, Melt and
Solidification, Directional Solidification, Solid/Liquid Inter-
face, Convection, Sample Microstructure, Lamellar Eutectics
Number of Samples: unknown
Sample Materials: AI2-Cu-AI (33 wt.% Cu)
(AI*Cu*)
Container Materials: unknown
Experiment/Material Applications:
See Favier, TEXUS 6.
References/Applicable Publications:
(i) de Goer, J., Favier, J. J., and Le Maguet, R.: Directional
Solidification of the AI2CuAI Eutectic System in a Sounding
Rocket; Analysis of the TEXUS IV Experiment; Preparation of the
TEXUS V-VI Experiment. DMG Report No. 41/82. (in French)
(2) Favier, J. J. and de Goer, J.: Directional Solidification of
AI2-Cu-AI and AI3-Ni-AI Eutectics During TEXUS Rocket Flight.
Translation of D.M.G. Report No. 93/83, Centre d'Etudes
Nucleaires de Grenoble, Grenoble, France, November 1983, pp. 1-
56, NASA TM-77552. (post-flight; mainly discusses TEXUS 6
results)
(3) Favier, J. J. and de Goer, J.: Directional Solidification of
Eutectic Alloys. In ESA 5th European Symposium on Material
Sciences Under Microgravity, Results of Spacelab i, Schloss EI-
mau, November 5-7, 1984, ESA SP-222, pp. 127-133. (post-flight
results, TEXUS mission unclear)
(4) Input received from Denis Camel (CENG, Grenoble), August
1993.
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Contact(s):
Dr. J. J. Favier or D. Camel or J. P. Praizey
Laboratoire d'Etude de la Solidification
Dept. d'Etude des Materiaux
Centre d'Etudes Nucleaires de Grenoble
Boite Postale 85X
F-38041 Grenoble Cedex
France
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Principal Investigator(s): Favier, J. J. (1)
Co-Investigator(s}: de Goer, J. (2), Le Maguet, R. (3)
Affiliation(s}: (1,2,3) Laboratoire d'Etude de la Solidification,
Centre d'Etudes Nucleaires de Grenoble (CENG), France
Experiment Origin: France
Mission: TEXUS 6
Launch Date/Expt. Date: May 1982
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 03
Builder of Processing Facility: Deutsche Forschungs- und Versuch-
sanstalt fur Luft- und Raumfahrt (DFVLR), Germany <Note: The
DFVLR is now called the Deutsche Forschungsanstalt fur Luft- und
Raumfahrt (DLR).>
Experiment:
Directional Solidification
A_!I2rCu-AI Eutectics
of (i) AI_-Ni-AI Eutectics and (2)
When a binary alloy of eutectic composition is directionally
solidified, an organized, anisotropic structure may result. This
structure can take two forms: (1) a lamellar stacking of two
phases of defined composition (as in an A12-Cu-AI alloy) or (2) a
fiber cluster of one phase in a matrix of another phase (as in an
AI3-Ni-AI alloy). On Earth, the structure (e.g., continuity of
eutectic phase) of these eutectic alloys is compromised by
gravity-induced convective effects.
This TEXUS 6 experiment was the second in a series of investiga-
tions designed by Favier et al. to study the directional
solidification of eutectic alloys under low-gravity conditions
(see Favier, TEXUS 4). The specific objectives of this experi-
ment were to:
(I) prove the feasibility of a directional solidification study
during a sounding rocket flight
(2) determine if the following relation is valid for space
p_ocessed materials:
L_ V = k
where:
L = inter-lamellar or inter-fiber distance (microns)
V = solidification front velocity (cm/hr)
K = solidification constant
(3) determine if K is the same for l-g and low-gravity processed
materials
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(4) determine if the gravity level affects the regularity of
either type of eutectic structure
During the mission, the TEXUS Experiment Module TEM 03 was used
to melt and resolidify one AI2Cu-AI sample and one AI3Ni-AI
sample. It was reported that the TEM 03 furnace was also used
during the TEXUS 4 mission. However, slight modifications were
instituted for the TEXUS 6 experiment. These included (i) short-
ening the sample length to 70 mm, (2) including a volume compen-
sation system, and (3) modifying the thermal cycle to provide a
20 to 25 mm seed (unmelted portion).
It was reported that the rocket flight and sample thermal condi-
tions were "virtually nominal" throughout the mission. However,
"The actual flight took place on May 8, 1983, but the day before,
the initial count down had to be canceled 5 minutes before blast-
off, for meteorological reasons." (i, p. 6, translation) It ap-
pears that prior to the May 7th mission cancellation, the samples
were subjected to thermal processing: melting, thermal soak,
controlled solidification, and natural solidification (see
Reference (i) for further details of this anomaly).
It appears that during the May 8th flight, the samples were sub-
jected to the same thermal processing. It was reported that
cooling of the AI3Ni-AI sample was not according to plan during
the actual flight. "...the TS4A instruction (cartridge base
'cold') could not be complied with. Consequently, the cooling
was slower and the thermal gradient was smaller than expected."
(i, p. 6, translation) <Note: The exact meaning of this quote
was not clear to the editors.> (Reference (i) contains details of
the thermal performance and analysis.)
Post-flight examination of the two samples included (i) gamma-
radiography, (2) light metallography, and (3) laser beam diffrac-
tion (Reference (3) contains details of the diffraction
procedure). These analysis techniques yielded the following
results :
(i) Reportedly, low-gravity processing did not provide more
regular lamellar (AI2Cu-AI sample) or fibrous (AI3Ni-AI sample)
structures. Rather, the structures were more irregular,
"...which [is] certainly linked to the rapid destabilization of
the solidification front during the microgravity cycle." (i, p.
28, translation) This result contradicted that from Hasemeyer's
Copper-Aluminum Eutectic Skylab experiment (M566) (see Hasemeyer,
Skylab SL-3 and Skylab SL-4 (this chapter)). The fiber spacing
in the AI3Ni-AI sample did exhibit an increase when compared to
the corresponding l-g samples.
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(2) "The constitutional supermelting at the destabilization
threshold was evaluated for the AI-Cu sample and AI-Ni sample at
(delta)T* = 1.15 and 1.4 K respectively. This supermelting is
undoubtedly associated with... [the] presence of noncontrolled
impurities in the liquid baths,... [introduced] when the charges
were being prepared." (I, p. 28, translation) <Note: The exact
definition of T* was not presented in the available publica-
tions.>
(3) Information concerning the growth conditions of the samples
was derived from (a) thermocouple readings from the cartridge
surface and (b) thermal modeling of the cartridge and sample.
This information and microstructural studies on the samples led
to the following conclusions: (a) the relation between the
lamellar or interfiber spacing, L, and the interface velocity, V,
was the same for l-g conditions and low-gravity conditions and
(b) the gravity level does not effect the value of the
solidification constant, K.
Key Words: Metals and Alloys, Eutectics, Binary Systems, Melt and
Solidification, Directional Solidification, Solid/Liquid Inter-
face, Solidification Front Physics, Seed Crystals, Buoyancy-
Driven Convection, Growth Rate, Thermal Soak, Thermal Gradient,
Composition Distribution, Multiphase Media, Impurities, Sample
Microstructure, Lamellar Eutectics, Lamellar Structure, Fiber
Eutectics, Inter-Fiber Spacing, Volume Compensation
Number of Samples: two
Sample Materials: AI2-Cu-AI; AI3-Ni-AI
(AI*Cu*, AI*Ni*)
Container Materials: unknown
Experiment/Material Applications:
One of the objectives of this experiment was to investigate the
effect of gravity on the formation of different types of eutectic
structures. Therefore, an AI-Cu alloy (lamellar eutectic
structure) and an AI-Ni alloy (fibrous eutectic structure) were
selected. These materials have been well characterized; a large
amount of data exists concerning their solidification behavior.
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References/Applicable Publications:
(1) Favier, J. J. and de Goer, J.: Directional Solidification of
AI2-Cu-AI and AI3-Ni-AI Eutectics During Texus Rocket Flight.
NASA TM-77552, 1984, 55 pp.
(2) Favier, J. J. and de Goer, J.: Directional Solidification of
Eutectic Alloys. In ESA 5th European Symposium on Material
Sciences Under Microgravity, Results of Spacelab i, Schloss EI-
mau, November 5-7, 1984, ESA SP-222, pp. 127-133. (post-flight
results)
(3) Favier, J. J., Morlevat, J. P., and Duvernoy, J.: Method of
Analysis of the Regularity of Lamellar Eutectic Structures by
Diffraction of a Laser Beam. In Metallurgical Transactions B,
Vol. 14B, March 1983, pp. 105-108. (discusses sample charac-
terization technique)
(4) Directional Solidification of Eutectics. In Summary Review
of Sounding Rocket Experiments in Fluid Science and Materials
Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA SP-I132, February
1991, pp. 220-221. (post-flight)
(5) Input received from Denis Camel (CENG, Grenoble), August
1993.
Contact(s):
Dr. J. J. Favier or D. Camel or J. P. Praizey
Laboratoire d'Etude de la Solidification
Dept. d'Etude des Materiaux
Centre d'Etudes Nucleaires de Grenoble
Boite Postale 85X
F-38041 Grenoble Cedex
France
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Principal Investigator(s): Favier, J. J. (i), Praizey, J. P. (2)
Co-Investigator(s): Unknown
Affiliation(s): (1,2) Laboratoire d'Etude de la Solidification,
Centre d'Etudes Nucleaires de Grenoble (CENG), France
Experiment Origin: France
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab i: Columbia)
Launch Date/Expt. Date: November 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Material Science Double Rack
(MSDR)
Processing Facility: Gradient Heating Facility (GHF) Furnace
Builder of Processing Facility: Centre National d'Etudes
Spatiales (CNES), Toulouse, France
Experiment:
Unidirectional Solidification of Eutectics Alloys (IES317)
This Spacelab 1 experiment was the third in a series of inves-
tigations designed by Favier et al. to study the directional
solidification of eutectic alloys under low-gravity conditions
(see Favier, TEXUS 4, TEXUS 6). The specific objectives of the
research were (i) to examine different types of eutectic struc-
tures produced under l-g and low-gravity conditions and compare
their characteristic (a) phase distribution, (b) regularity, and
(c) crystallography and (2) to examine the results in terms of
eutectic growth theories.
Prior to flight, nine eutectic materials were prepared by vacuum
casting: (I) three samples of Ag-17.6 wt.% Ge, (2) three samples
of AI-33.053 wt.% Cu, and (3) three samples of AI-6.158 wt.% Ni.
(The AI-Cu material was subsequently directionally solidified (on
Earth) in a horizontal Bridgman furnace under an Ar atmosphere.
This extra processing step produced a monograin sample.) The
nine samples (each 5 mm ID, 150 mm long) were configured in three
cartridges (three samples per cartridge). Each cartridge con-
tained three thermocouples for temperature and temperature-
gradient determination. A volume change compensation system was
included in each cartridge.
During the Spacelab 1 mission, the Gradient Heating Facility
(GHF) was used to melt and directionally solidify the samples
(see Reference (3) for details of apparatus). The thermal profile
of the samples included (i) heat-up (approximately 1.75 hours),
(2) unidirectional solidification (approximately 3.25 hours), and
(3) cool down. Reportedly, no thermal soak time was allowed to
prevent "...deposition of one of the two eutectic phases on the
initial [solidification] interface." (i, p. 128) (See Reference
(i) for further details concerning experimental setup and thermal
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behavior of the furnace.) Samples were also processed under l-g
conditions for comparison.
Post-flight, metallographic examination (longitudinal cuts and
cross-sections) was performed on each sample. The results were
reported as follows:
Ag-Ge samples: No significant differences between the l-g and
low-gravity samples were observed. Primary Ge crystals were ob-
served on the surface of the l-g sample. These crystals were at-
tributed to heterogeneous nucleation at the crucible wall. A
silver enriched zone was detected at the initial interface of the
low-gravity sample. This was reportedly caused by thermomigra-
tion during the period of thermal re-equilibration.
Al-Cu samples: Spherical bubbles (500 micron to 2 mm) were lo-
cated in the last third of the low-gravity samples. These
bubbles were probably formed by the argon absorbed during the
sample preparation. No difference in lamellar regularity was ob-
served in the l-g and low_gravity samples. The value of the con-
stant obtained from the L V equation (see l_avier, TEXUS 6 for a
discussion of this equation) was 1.06 x i0- CGS (+/- 5%). This
value agreeq with that obtained from the TEXUS 6 experiments(1.08 x i0 -_0 CGS). Deviations from this relation were at-
tributed to (i) growth velocity uncertainty at sample ends, (2)
large uncertainty at the beginning of regrowth in the relative
position of the cross-sections, and (3) the transient regime for
the lamellar spacing between seed and steady state. Both l-g and
low-gravity samples demonstrated these transients.
AI-Ni samples: The initial seed material of the l-g and low-
gravity samples was non-oriented, multi-grained. After about 3
cm of the rocket samples had been processed, a limited number of
grains remained. These grains exhibited broken lamella and then
needles. The l-g samples contained this transition point at ap-
proximately 2 cm. There was no noticeable difference in fiber
pattern regularity. However, the low-gravity processed samples
contained a 15% larger value of inter-fiber spacing. This result
also confirmed the TEXUS 6 findings.
In conclusion, no major differences between the l-g and low-
gravity Ag-Ge samples (irregular eutectic structure) were noted.
Since the lamellar structure of the Al-Cu samples were the same
for the l-g and low-gravity samples, "...the convective fluctua-
tions are therefore not the principal... [origin] of fault forma-
tion. However for the fiberlike structure (AI3Ni-AI), there is
obviously an effect: the structure in space is larger than on
the ground." (i, p. 130) When these results were compared to
other low-gravity experiments it was concluded that "...only the
fiberlike systems are affected by gravity, but that for other
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systems studied... [see Pirich, Chapter 17, Spar 6 (Mn-Bi) ;
M_ller, Chapter 14, Spacelab 1 (InSb-Sb)]... space growth gives
rise to finer structures." (i, p. 131)
A simple model was proposed (see Reference (i)) which accounted
for an eventual shift of the initial liquid composition.
Reportedly, this approach may explain (semi-quantitatively) con-
vective effects on the Jackson-Hunt theory of coupled growth.
Key Words: Metals and Alloys, Eutectics, Binary Systems, Melt and
Solidification, Directional Solidification, Solid/Liquid Inter-
face, Seed Crystals, Buoyancy-Driven Convection, Nucleation,
Heterogeneous Nucleation, Growth Rate, Thermal Gradient, Multi-
phase Media, Sample Microstructure, Lamellar Eutectics, Lamellar
Structure, Fiber Eutectics, Inter-Fiber Spacing, Grain Structure,
Needles, Surface Morphology, Fault Spacing, Thermomigration,
Crucible Effects, Bubbles, Bubble Formation, Volume Compensation
Number of Samples: nine
Sample Materials: three each of (i) Ag-17.60 wt.% Ge; (2) A1-
33.053 wt.% Cu; (3) AI-6.158 wt.% Ni
(Ag*Ge*, AI*Cu*, AI*Ni*)
Container Material: unknown
Experiment/Material Applications:
"The eutectic systems are choice cases for investigating the
solidification theory in a particular environment since, unvary-
ing in the thermodynamic sense, their growth temperature remains
constant during the whole process. Moreover due to its par-
ticular two phases structure affected by the growth fluctuations,
the local growth conditions can be deduced from the analysis of
the structures." (1, p. 127)
These systems were also selected because they each produce dif-
ferent types of eutectic structure. The Ag-Ge sample produces an
irregular eutectic structure, the AI-Cu sample produces a lamel-
lar eutectic structure, and the AI-Ni sample produces a fibrous
eutectic structure.
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References/Applicable Publications:
(i) Favier, J. J. and de Goer, J.: Directional Solidification of
Eutectic Alloys. In ESA 5th European Symposium on Material
Sciences Under Microgravity, Results of Spacelab 1, Schloss E1-
mau, November 5-7, 1984, ESA SP-222, pp. 127-133.
(2) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements)
(3) Cambon, G., Castets, B., Boutemy, 0., Giegel, J. P., Aubron,
R., Boddaert, M., and Benoit, J.: Gradient Heating Facility Be-
havior. In ESA 5th European Symposium on Material Sciences Under
Microgravity, Results of Spacelab i, Schloss Elmau, November 5-7,
1984, ESA SP-222, pp. 115-119. (post-flight, experimental
apparatus)
(4) Favier, J. J., Morlevat, J. P., and Duvernoy, J.: Method of
Analysis of the Regularity of Lamellar Eutectic Structures by
Diffraction of a Laser Beam. In Metallurgical Transactions B,
Vol. 14-B, March, 1983, pp. 105-108. (discusses sample charac-
terization technique)
(5) Input received from Denis Camel (CENG, Grenoble), August
1993.
Contact(s):
Dr. J. J. Favier or D. Camel or J. P. Praizey
Laboratoire d'Etude de la Solidification
Dept. d'Etude des Materiaux
Centre d'Etudes Nucleaires de Grenoble
Boite Postale 85X
F-38041 Grenoble Cedex
France
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Principal Investlgator(s) z Favier, J. J. (1), Camel, D. (2)
Co-Investlgator(s): Unknown
Affiliatlon(s): (1,2) Laboratoire d'Etude de la Solidification,
Centre d'Etudes Nucldaires de Grenoble (CENG), France
Experiment Origin: France
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Material Sciences Double
Rack (MSDR)
Processing Facillty: Gradient Heating Facility (GHF)
Builder of Processing Fa¢illty: CNES (Centre National d'Etudes
Spatiales), Toulouse, France
Experiment:
Dendritic Solidification of Aluminum-Copper Alloys (WL GHF-04)
This Spacelab D1 experiment was the fourth in a series of inves-
tigations designed by Favier et al. to study the directional
solidification of eutectic alloys under low-gravity conditions
(see Favier, TEXUS 4, TEXUS 6, Spacelab 1). The specifiC objec-
tives of the experiment were to (1) check existing theories on
dendritic solidification by extending the solidification
parameters under which dendritic formation in a purely diffusive
regime will occur and (2) perform studies (theoretical and
experimental) concerning the effects of convection on dendritic
solidification which may provide added control of ground-based
processes.
During the Spacelab mission, three AI-Cu samples containing 1
wt.%, 26 wt.%, and 40 wt% copper were melted and directionally
solidified using the Gradient Heating Facility (GHF). Each
sample was contained within a ZrO 2 cartridge. The sample con-
tainer was arranged to assure (_) minimal radial temperature
gradients and (2) reproducible cold-side heat exchanges. Ground-
based experiments were performed such that solidification oc-
curred at a low rate in different directions with respect to
gravity.
Post-flight examination of all samples (ground- and space-
processed) included (1) density measurements, (2) radiography,
(3) metallography, (4) quantimetry, (5) Laue patterns, and (6)
electron microprobe determinations. The objectives of these
analysis techniques were to determine (1) the longitudinal and
radial macrosegregation, (2) the microsegregations at different
scales (see References (i) and (5)), (3) the primary inter-
dendritic spacing, (4) the crystallographic orientation of the
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grains during solidification, and (5) the development, direction,
and morphology of dendritic arms relative to solidification con-
ditions and crystallographic orientation. The following results
were reported:
Ground-based samples: Three different types of segregation were
observed which depended on the orientation of the density
gradient (in the interdendritic region) relative to the gravity
vector:
(I) Vertical solutally stabilizing case: No significant lon-
gitudinal segregation but "...radial segregation is so important
that the eutectic concentration is reached .... " (i, p. 129)
(2) Vertical solutally destabilizing case: Significant lon-
gitudinal segregation and no radial segregation.
(3) Horizontal solidification:
segregation were present.
Longitudinal and radial of
The above results indicated that natural convective effects can-
not be eliminated despite changes in solidification direction
(relative to the gravity vector). "In all cases, the measured
primary interdendritic spacings (lambda), which range between 350
and 450... [microns]..., are much lower than the value of 1400...
[microns]... predicted by extrapolating the scaling laws verified
at higher solidification rates .... " (i, p. 130)
The low-gravity processed samples were significantly different
from the ground processed samples:
(i) Longitudinal segregation was below the sensitivity limit of
the density measurements.
(2) No radial segregation appeared on the metallographies of the
transverse sections.
(3) The primary interdendritic spacing (lambda) was very close to
the predicted value (1400 microns). This indicated that the
lower values of (lambda) found in the l-g processed samples were
due to convection.
(4) The dendritic morphology was significantly different from the
ground samples: "...each dendrite is very well separated from
the neighbouring ones, and has well developed secondary and
higher order arms as if free dendritic growth conditions were
prevailing." (I, p. 131)
(Reference (i) and Reference (5) provided theoretical discussions
in comparison to the above results.)
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<Note: References (9)-(11) were not available to aid in the
preparation of this experiment summary.>
Key Words: Metals and Alloys, Eutectics, Hypereutectics,
Hypoeutectics, Binary Systems, Melt and Solidification, Direc-
tional Solidification, Solid/Liquid Interface, Dendritic
Solidification, Dendritic Arm Spacing, Segregation, Macrosegrega-
tion, Microsegregation, Diffusion, Diffusive Mass Transfer,
Diffusion-Controlled Growth, Buoyancy-Driven Convection, Thermo-
solutal Convection, Density Difference, Growth Rate, Solidifica-
tion Rate, Thermal Gradient, Solutal Gradients, Sample
Microstructure, Grain Structure
Number of Samples: three
Sample Materials: aluminum-copper alloys (i wt.% Cu, 26 wt.% Cu,
and 40 wt.% Cu)
(AI*Cu*)
Container Materials: zirconia, ZrO 2
(Zr*O*)
Experiment/Material Applications:
The specific reasons why the AI-Cu samples were selected for this
experiment were not detailed in available publications related to
this mission. However, choice of the Al-Cu system is discussed
in general under Favier, Spacelab i.
References/Applicable Publications:
(i) Camel, D., Dupouy, D., Favier, J. J., and Le Maguet, R.:
Preliminary Results of the DI-WL-GHF-04 Experiment on Dendritic
Solidification of AI-Cu Alloys. Adv. Space Res. Vol. 6, No. 5,
pp. 127-132, 1986. (post-flight results)
(2) Camel, D., Favier, J. J., and Dupouy, M. D.: Modification of
the Dendritic Solidification Structure Under Microgravity Condi-
tions. In BMFT/DFVLR Scientific Results of the German Spacelab
Mission DI, Abstracts of the D1 Symposium, Norderney, Germany,
August 27-29, 1986, p. 68.
(3) Camel, D. and Favier, J. J.: Dendritic Solidification of AI-
Cu Alloys. In Scientific Goals of the German Spacelab Mission
DI, WPF, 1985, pp. 103-104. (preflight)
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(4) Cambon, G., Castets, B., Boutemy, O., Giequel, J. P., Aubron,
R., Boddaert, M., and Benoit, J.: Gradient Heating Facility Be-
havior. In ESA 5th European Symposium on Materials Science Under
Microgravity, Results of Spacelab i, Schloss Elmau, November 5-7,
1984, ESA SP-222, pp. 115-119. (FPM as configured after Spacelab
1)
(5) Camel, D., Favier, J. J., Dupouy, M. D., and Le Maguet, R.:
Microgravity and Low-Rate Dendritic Solidification. In Proceed-
ings of the Norderney Symposium on Scientific Results of the Ger-
man Spacelab Mission DI, Norderney, Germany, August 27-29, 1986,
pp. 236-246. (post-flight)
(6) Hamacher, H., Merbold, U., and Jilg, R.: Analysis of
Microgravity Measurements Performed During DI. Proceedings of
the Norderney Symposium on the German Spacelab Mission DI, Nor-
derney, Germany, August 27-29, 1986. (post-flight; acceleration
measurements)
(7) Camel, D., Favier, J. J., Dupouy, M. D., and Le Maguet, R.:
Microgravite et Solidification Dendritique a Faible Vitesse. In
Proc. of the 6th European Symposium on Material Sciences Under
Microgravity Conditions, Bordeaux, France, December 2-5, 1986,
ESA SP-256, February 1986. (in French)
(8) Input received from Denis Camel (CENG, Grenoble), August
1993.
(9) Dupouy, M. D., Camel, D., and Favier, J. J., Acta Metall. 37,
1989, pp. 1143-1157.
(I0) Dupouy, M. D., Camel, D., and Favier, J. J., Acta Metall.
Mater. 40, 1992, pp. 1791-1801.
(ii) Dupouy, M. D., Camel, D., and Favier, J. J., j. Crystal
Growth 126, 1993, pp. 480-492.
Contact(s):
Dr. J. J. Favier or D. Camel or J. P. Praizey
Laboratoire d'Etude de la Solidification
Dept. d'Etude des Materiaux
Centre d'Etudes Nucleaires de Grenoble
Boite Postale 85X
F-38041 Grenoble Cedex
France
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Principal Investigator(s): Luyendijk, T. (1)
Co-Investigator(s): Nieswaag, H. (2)
Affiliation(s): (1) Technische Hogeschool (Delft University of
Technology), Lab. voor Metaalkunde, Delft, The Netherlands; (2)
During TEXUS 6: Technische Hogeschool (Delft University of
Technology), Lab. voor Metaalkunde, Delft, The Netherlands,
Currently: Retired
Experiment Origin: The Netherlands
Mission: TEXUS 6
Launch Date/Expt. Date: May 1982
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Isothermal four-chamber furnace module (TEM
01-2)
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Sulfur Diffusion in Liquid Cast Iron
During the unidirectional solidification of grey cast iron on
Earth, it is difficult to distinguish between gravity-induced
convection and surface-tension-driven convection within the melt.
This TEXUS 6 experiment was the first in a series of investiga-
tions designed by Luyendijk et al. to study the low-gravity
solidification of cast iron. The specific objectives of the ex-
periment were to (i) determine the diffusion coefficient of sul-
phur in liquid cast iron, (2) compare the diffusion coefficient
of sulfur in liquid cast iron to the diffusion coefficient of
phosphorous in liquid cast iron, (3) assess the capability of
skin technology (prior to a future Spacelab experiment) and (4)
investigate the origin of convective flow during the unidirec-
tional solidification of cast iron on Earth. (See Sprenger,
TEXUS 1 for a discussion of skin technology (Chapter 18).)
Prior to the flight experiment, five cylinders of white cast iron
(4.2 to 4.3 wt% carbon, no silicon) were joined at the ends by a
diffusion welding process. The cylinders, labeled a through e,
also contained either sulphur or phosphorous: (a) 0.093 wt.% S,
(b) 0.006 wt.% S, (c) 0.093 wt.% S, (d) 0.006 wt.% S, and (e) 0.i
wt.% P. The stacked cylinders were coated with a plasma-sprayed
alumina skin and wrapped in alumina wool. The assembly was then
placed in a TMZ cartridge which was configured with three ther-
mocouples placed (1) in the top end, (2) in the bottom end, and
(3) on the side surface. (The expected temperature difference in
the sample had been determined by prior ground-based investiga-
tions.)
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Just prior to the rocket launch, the sample was heated to ap-
proximately i000 °C. Sample melting and resolidification oc-
curred during the low-gravity period after launch. A diffusion
period of 180 seconds and a thermal gradient (between the top and
bottom of the sample) of i0 °C/cm were reported. Cooling of the
samples was achieved by the application of helium gas to the bot-
tom of the TZM cartridge.
Post-flight examination of the sulphur and phosphorous distribu-
tion throughout the cylinders indicated that both elements were
transported over tens of millimeters. A distance of less than 2
mm would have been expected if diffusion had been the sole mode
of transport. Thus, the results indicated that convective flow
was present in the melt. <Note: It appears that the desired dif-
fusion coefficients were not obtained because of the convective
flows.> Reportedly, results from subsequent low-gravity experi-
ments indicated that the convection was induced by a thermal
gradient related to the surface-active behavior of sulphur.
<Note: The subsequent low-gravity experiments were not iden-
tified.>
The alumina skin coating the sample contained several cracks.
These cracks were attributed to the volume expansion of the cast
iron. No reaction between the sample material and alumina skin
occurred.
Key Words: Metals and Alloys, Skin Technology, Thin Films, Plasma
Spray Coating, Melt and Solidification, Directional Solidifica-
tion, Surface Tension, Diffusion, Diffusion Coefficient, Dif-
fusive Mass Transfer, Buoyancy-Driven Convection, Surface
Tension-Driven Convection, Marangoni Convection, Thermal
Gradient, Solid/Liquid Interface, Coated Surfaces, Volume Expan-
sion, Quench Process
Number of Samples: One long cylinder comprised of five sub-
samples (cylinders)
Sample Materials: Five cylinders (a through e) of white cast iron
(4.2 to 4.3 wt.% carbon, no silicon) with either sulphur or
phosphorous; (a) 0.093 wt.% S, (b) 0.006 wt.% S, (c) 0.093 wt.%
S, (d) 0.006 wt.% S, and (e) 0.i wt.% P.
(S*, P*, C*, Fe*)
Container Materials: Sample plasma-sprayed with alumina, A1203,
skin and contained in a TMZ cartridge
(AI*O*)
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Experiment/Material Applications:
See Luyendijk, Spacelab 1 (this chapter) or Sprenger, Spacelab D1
(Chapter 18).
Sulfur in cast iron was chosen because sulfur is a surface active
element in iron alloys.
Such low-gravity experiments should illustrate the origin of con-
vective flow observed during unidirectional solidification of
cast iron on Earth.
References/Appllcable Publications:
(i) Sulfur Diffusion in Liquid Cast Iron. In Summary Review of
Sounding Rocket Experiments in Fluid Science and Materials
Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA SP-I132, February
1991, pp. 136-137. (post-flight)
(2) Input received from Principal Investigator T. Luyendijk,
August 1993.
Contact(s):
T. Luyendijk
Laboratory voor Metaalkunde
Technische Hogeschool
Rottersdamseweg 137
NL-2628 AL Delft
The Netherlands
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Principal Investigator(s): Luyendijk, T. (I), Nieswaag, H. (2)
Co-Investigator(s): None
Affiliation(s): (1) Technische Hogeschool (Delft University of
Technology), Lab. voor Metaalkunde, Delft, The Netherlands; (2)
During Spacelab i: Technische Hogeschool (Delft University of
Technology), Lab. voor Metaalkunde, Delft, The Netherlands,
Currently: Retired
Experiment Origin: The Netherlands
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab i: Columbia)
Launch Date/Expt. Date: November 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Spacelab Rack
Processing Facility: Isothermal Heating Facility/with Gradient
Device (IHF/G)
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Unidirectional Solidification of Cast Iron (IES325)
Grey and ductile cast iron materials are widely used because they
possess good mechanical and technological properties. These
properties are determined by the microstructure (e.g., coarseness
and distribution of graphite flakes) present after casting. The
microstructure is strongly influenced by the sulphur distribution
ahead of the solidification interface, which, in turn, is af-
fected by convective currents. Thus it was suspected that a
reduction in gravity-dependent convection would strongly affect
the microstructure of the sample.
This Spacelab 1 experiment was the second in a series of inves-
tigations designed by Luyendijk et al. to study the low-gravity,
directional solidification of cast iron (see Luyendijk, TEXUS 6).
The specific objectives of the study were to investigate (i) the
transport of sulphur during the solidification of eutectic cast
iron and (2) the growth of graphite under low-gravity conditions.
Prior to launch, a single, grey cast iron sample was prepared.
The 150 mm long, 6.5 mm diameter sample had a composition of 3.9
wt.% C-1.5 wt.% Si-0.025 wt.% S-0.01 wt.% P and consisted of
graphite flakes embedded in a matrix of pearlite or ferrite. The
specimen was covered by a plasma-sprayed alumina skin to provide
a tight cover around the sample. (See Sprenger, TEXUS 1 for a
discussion of skin technology (Chapter 18).) The coated sample
was placed within a 0.5 mm thick alumina crucible. Four holes
drilled into the alumina lid allowed evacuation of the space be-
tween the specimen and crucible. Four thermocouples were located
at various distances down the length of the sample.
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The Spacelab 1 Isothermal Heating Facility "with Gradient Device"
(IHF/G) was configured to directionally solidify the sample via
(i) furnace translation and (2) a chill block (gradient device).
During the mission, the sample was to be (i) heated for a period
of time (before translation) to achieve thermal equilibrium and
then (2) directionally solidified at four different growth rates:
(i) 0.I mm/min, (2) 0.4 mm/min, (3) 0.7 mm/min, and (4) 1.0
mm/min.
It was reported that "...at the end of the heating-up period of
the furnace a failure in the furnace-power supply occurred and
the IHF/G broke-down." (i, p. 80) The failure resulted in a
large portion of the sample melting and quickly solidifying.
After the furnace was repaired on-orbit, a second experimental
run proceeded as planned.
It was noted that the fast cooling rate which occurred during the
first run may have caused a transformation of the sample from
grey cast iron to white cast iron (iron carbide and pearlite).
During such a transformation, volume changes occur and shrinkage
cavities can result. If present, these cavities may have af-
fected the solidification process during the second experimental
run.
Post-flight examination of the sample included X-ray, X-ray
fluorescence, and metallographic techniques. Initial X-ray ex-
amination revealed that the liquid sample separated into two
parts during processing: (i) an 84 mm section (bottom end), 62 mm
of which was directionally solidified, and (2) a 25 mm section
which was rapidly cooled. It was reported that the sample
separation may have been caused by (i) the constriction and break
up caused by the volume change of grey cast iron during melting
and (2) the development of some gases during the process. (Such
sample separation had also been observed in ground experiments.)
The portion of the sample represented by x=0 to x=22 mm (x
measured from sample bottom), did not melt. At the interface be-
tween the unmelted portion and the directionally solidified por-
tion, one large cavity (approximately 2.5 mm wide) and several
smaller cavities (0.02 to 0.2 mm) were observed. These cavities
appeared to (i) move down the thermal gradient and pile-up at the
interface and (2) affect the heat flux through the specimen.
Metallographic examination revealed different structures cor-
responding to the different growth rates. At a growth rate of
0.i mm/min (x = 22 to 31 mm) the sample initially demonstrated a
very fine graphite structure and then changed to a coarse
graphite structure at x = 31 to 47 mm. At a growth rate of 0.4
mm/min, the sample demonstrated a fine graphite structure (x = 47
to 56 mm). At a growth rate of 0.7 mm/min, graphite flakes were
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observed between axially aligned, primary dendrites (x = 56 to 69
mm). The remainder of the directionally solidified portion of
the sample had a growth rate of 1.0 mm/min. The structure of
this last portion was the same as x = 56 to 69 mm. The remainder
of the sample (that which had been separated and rapidly cooled)
contained primary dendrites which were mostly oriented perpen-
dicular to the crucible wall. '
The sulphur distribution through the flight and similarly
processed ground-based samples was determined using X-ray
fluorescence techniques (see Reference (i) for a description of
the technique). It was noted that the sulphur transport in the
flight sample may have been influenced by the first experimental
run. The sulphur content of the separated (top) portion of the
sample was less than the starting material. This difference in-
dicated an evaporation of sulphur from the melt. In the direc-
tionally solidified portion of the flight sample, significant
convection appears to have occurred in the liquid, although a
small diffusion boundary layer was present. "The surface-active
element sulphur, which is less soluble in the solid than in the
liquid, seems to be responsible... [for] that convection." (i, p.
85) This convection resulted in a gradually increasing sulphur
content just ahead of the interface. The refining tendency of
the increase in growth rate was counteracted by the coarsening of
the graphite by sulphur. "Except the change from 0.I to 0.4
mm/min, the other transitions in growth rate are not well
reflected in the structure due to a higher sulphur content." (i,
p. 85)
<Note: Reference (5) was not used in the preparation of this ex-
periment summary.>
Key Words: Metals and Alloys, Eutectics, Skin Technology, Thin
Films, Plasma Spray Coating, Coated Surfaces, Casting, Melt and
Solidification, Directional Solidification, Solutal Gradients,
Thermal Gradient, Heat Flux, Diffusion, Diffusion Coefficient,
Diffusive Mass Transfer, Diffusion Boundary, Buoyancy-Driven Con-
vection, Surface Tension-Driven Convection, Marangoni Convection,
Buoyancy Effects Diminished, Solid/Liquid Interface, Furnace
Translation, Growth Rate, Solidification Front Physics, Sample
Microstructure, Evaporation, Coarsening, Dendrites, Dendritic
Structure, Sample Shrinkage, Gas Formation, Cavity, Volume
Change, Vacuum, Furnace Malfunction
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Number of Samples: one
Sample Materials : Grey cast iron: 3.9 wt. % C-1.5 wt. % Si-0.01
wt.% P-0.025 wt.% S (Initially, the sample consisted of graphite
flakes embedded in a matrix of pearlite or ferrite.)
(Fe*C*Si*P*S*)
Container Materials: Plasma-sprayed alumina contained in alumina
crucible, AI203
(AI*O*)
Experiment/Material Applications:
See experiment summary (above).
References/Applicable Publications:
(1) Nieswaag, H., Luyendijk, T., and Alsen, W.H.M.: Unidirec-
tional Solidification of Cast Iron ES-325. In ESA 5th European
Symposium on Material Sciences Under Microgravity, Results of
Spacelab i, Schloss Elmau, November 5-7, 1984, ESA SP-222, pp.
79-85. (post-flight)
(2) Luyendijk, T. and Nieswaag, H.: Unidirectional Solidification
of Eutectic Iron-Carbon Alloys and the Segregation of Sulphur.
In ESA on Material Science in Space, Grenoble, April 24-27, 1979,
ESA SP-142 (June 1979), pp. 115-122. (preflight)
(3) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986 Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements)
(4) Whittmann, K.: The Isothermal Heating Facility. In ESA 5th
European Symposium on Material Sciences Under Microgravity,
Results of Spacelab i, Schloss Elmau, November 5-7, 1984, ESA SP-
222, pp. 49-54. (IHF facility)
(5) Luyendijk, T., Nieswaag, H., and Alsen, W.H.M.: Unidirec-
tional Solidification of Cast Iron. Science, Vol. 225, No. 4658,
July 1984, pp. 200-202.
(6) Input received from Principal Investigator T. Luyendijk,
August 1993.
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Contact(s):
T. Luyendijk
Laboratory voor Metaalkunde
Technische Hogeschool
Rottersdamseweg 137
NL-2628 AL Delft
The Netherlands
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Principal Investigator(s): Thomas, T. L. (i)
Co-Investigator(s}: Yoel, D.W. (Payload Manager, Lead Engineer)
(2), Moore, R. G. (Contributor/Customer) (3)
Affiliation(s): (1) During STS-004: Utah State University, Logan,
Utah, Currently: Boeing Advanced Systems, Seattle, Washington;
(2) During STS-004: Utah State University Logan, Utah,
Currently: Heatherington Inc., Ventura, California; (3) During
STS-004: Morton Thiokol, Brigham City, Utah, Currently: Utah
State University Space Dynamics Laboratory, Logan, Utah
Experiment Origin: USA
Mission: STS Launch #4, STS-004 (STS OFT-4, Columbia)
Launch Date/Expt. Date: June 1982
Launched From: NASA Kennedy Space Center, Florida
Payload Type: College Student Experiment
NASA Get Away Special (GAS) Canister G-001
Volume of Canister: 5.0 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-001: Utah State University, Logan,
Utah/R. Gilbert Moore
Processing Facility: Furnace Heating Facility
Builder of Processing Facility: Unknown, possibly Utah State
University, Logan, Utah
Experiment:
Eutectic Formation (II-M/13-M)
This experiment was one of ten investigations housed within the
G-001 Get Away Special canister during STS-004. Four other ex-
periments (of the ten) were applicable to this data base (see AI-
ford, STS-004 (Chapter 18); Dalley, STS-004 (Chapter 5); Elwell,
STS-004 (Chapter 12); and Laher, STS-004 (Chapter 17)). The ob-
jective of the experiment was to investigate the eutectic alloy-
ing of bismuth and tin in a reduced gravity environment.
Reportedly, prior to the shuttle flight, a mixture of bismuth
(57%) and tin (43%) metallic powders was prepared. <Note: It was
not clear if the percentage of Bi and Sn was in weight or volume
percent.> The mixture was sealed in an aluminum chamber. The
chamber contained an argon atmosphere.
During the shuttle mission, the mixture was to be heated to 285
°C, allowing the formation of the eutectic alloy.
Reportedly, post-flight analysis of the processed samples would
(i) determine the metallic bonding of the powders and (2) examine
the interaction of the eutectic alloy with the aluminum chamber.
However, while the experiment successfully completed its opera-
tion cycle, the heater did not reach the temperature necessary to
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alloy the powders. The tin powder experienced localized melting,
creating small nodules interspersed throughout the sample. It
was further reported that the sample chamber seal failed allowing
severe oxidation of the remaining bismuth subsequent to the open-
ing of the Get Away Special canister. There was no documented
post-flight material analysis.
Key Words: Metals and Alloys, Melt and Solidification, Eutectics,
Binary Systems, Powder Metallurgy, Metallic Bonding, Thermal
Gradient, Solid/Liquid Interface, Oxidation, Material Interaction
with Containment Facility, Crucible Effects, Processing Dif-
ficulties, Hardware Malfunction, Incomplete Sample Processing
Number of Samples: one
Sample Materials: bismuth-tin alloy
(Bi*Sn*)
Container Materials: Aluminum 6061
coatings)
(AI*)
(no surface preparation or
Experiment/Material Applications:
This experiment was designed to evaluate low-temperature eutectic
alloy formation in the low-gravity environment. Comparisons be-
tween terrestrial and space-processed alloy systems would distin-
guish fundamental characteristics for alloy formation in a space
environment. These characteristics could be applied to future
terrestrial or space materials processing endeavors.
The bismuth-tin alloy was selected because (I) the experiment was
subject to finite energy limitations, and (2) the alloy was ex-
pected to exhibit enhanced mixing at the imposed temperature dif-
ference (melt temperature, 271 °C; solidus point, 139 °C).
References/Applicable Publications:
(I) Yoel, D., Walker, S., Elwell, J., and Moore, G.: The First
Getaway Special-How It was Done. Spaceworld, May 1983, pp. 9-16.
(2) STS-4 Fourth Space Shuttle Mission, NASA Press Kit, June
1982, p. 62. (preflight)
14-106
(3) Yoel, D. W.: Payload Integration of a Get Away Special
Canister. American Institute of Aeronautics and Astronautics,
Annual Meeting and Technical Display on Frontiers of Achievement,
Long Beach, California, May 12-14, 1981, 5 pp. (preflight)
(4) The STS-4 Getaway Special. NASA Report PB82-I0223,
1982. (no author listed; preflight)
May 20,
(5) Cargo Systems Manual: GAS STS-4, May 20, 1982, JSC-17645, pp.
4-1 - 4-4. (preflight; very short description)
(6) Overbye, D.: The Getaway Kids Shuttle Into History.
cover, September 1982.
Dis-
(7) Yoel, D. W.: Analysis of the First Getaway Special Space
Shuttle Payload. Thesis for M.S. in Physics, Utah State Univer-
sity, Logan, Utah, 1984. (post-flight)
(8) Moore, R. G.: Educational Implications of Getaway Special
Payload Number One. IAF-81-293, 32nd International Astronautical
Federation Congress, Rome, September 6, 1981. (preflight)
(9) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special canister mission
history)
(i0) Input received from Experiment Investigator, August 1989.
(ii) Transcripts of Press Conference at NASA MSFC with G-001 Stu-
dent Experimenters and Sponsors, NASA, May 20, 1982.
(12) "Get Away Special," NASA News, NASA/MSFC, June 7, 1982.
contaat(s):
Terry Thomas
Boeing Advanced Systems
P.O. Box 3707/MS 3302
Seattle, WA 98124
R. Gil Moore
Utah State University
Space Dynamics Lab
Logan, UT 84322-4140
14-107
David Yoel
Heatherington, Inc.
4171 Market St.
suite C-i
Ventura, CA 93003
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Principal Investigator(s): Amidon, J. M. (1)
Co-Investigator(s): Hatelid, Major J. E. (2)
Affiliation(s): (1) During STS-006: United States Air Force
Academy, Colorado Springs, Colorado, Currently: U.S. Air Force
<Note: The current location of the PI is unclear (see address in
the Contact(s} section below)>; (2) During STS-006: Assistant
Professor of Astronautics, U.S. Air Force Academy, Colorado
Springs, Colorado, Currently: Unknown
Experiment Origin: USA
Mission: STS Launch #6, STS-006 (STS 31-B, Challenger)
Launch Date/Expt. Date: April 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: College Student Experiment
NASA Get Away Special (GAS) Canister G-049
Volume of Canister: 5.0 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-049: The United States Air Force
Academy, Colorado Springs, Colorado
Processing Facility: Sample in sealed tube heated by nichrome
wire
Builder of Processing Facility: Designed by J. M. Amidon
(Principal Investigator), built by a civil Servant technician at
the Air Force Academy, Colorado Springs, Colorado
Experiment:
Metal Alloy Solidification (Sn-Pb)
This solidification experiment was one of six investigations
housed within the G-049 Getaway Special Canister on STS-006.
Four other experiments (of the six) were applicable to this data
base (see Gross, STS-006 (Chapter 18); Neel, STS-006 (Chapter 4);
Peter, STS-006 (Chapter 18); Streb, STS-006 (Chapter 14)). The
specific objective of this experiment was to investigate if low-
gravity solidification of the Sn-Pb system improved the
homogeneity of the sample composition. (During ground-based test-
ing of the alloy, macrosegregation of the components was observed
as tin floated to the top of the liquid mixture.)
During the space experiment, a Sn-Pb sample, sealed within a
glass tube, was "...heated with nichrome wire until liquid was
formed (approximately 8 minutes). The mixture was then allowed
to cool and produce a uniform distribution of tin in weightless-
ness." (2, p. 318)
After post-flight analysis of the sample it was reported that
"The surprise was not that the mixture changed phases, created
more uniform grain structure or did not show gravity-induced
orientations, but that spheres 1/4 in. (0.63 cm) in diameter were
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formed. This unexpected result showed that surface tension tends
to dominate in weightlessness." (2, p. 318) <Note: The composi-
tion of the spheres was not detailed.>
No further information concerning the experiment could be located
at this time.
<Note: Reference (i) (published prior to the launch of STS-006)
states that the alloy to be studied was a tin-gallium system.
References (2) and (5) state that tin-lead was studied. Since
the post-flight publication (Reference (2)) discusses a tin-lead
system, it is thought that the sample was originally to be tin-
gallium but was changed to tin-lead for the actual space mis-
sion.>
Key Words: Metals and Alloys, Melt and Solidification, Binary
Systems, Sample Homogeneity, Composition Distribution, Macro-
segregation, Solid/Liquid Interface, Sample Microstructure, Grain
Structure, Spheres, Surface Tension
Number of Samples: one
Sample Materials: lead-tin
(Pb*Sn*)
Container Materials: glass tube
Experiment/Material Applications:
It was anticipated that a more homogeneous distribution of sample
composition would be achieved in the low-gravity environment.
References/Applicable Publications:
(i) Cargo Systems Manual: GAS Annex for STS-6, JSC-17645 Annex
STS-6, December 3, 1982. (very short description; preflight)
(2) Swan, P. and Worsowicz, C.: The Eaglets Have Flown. Space
Education, Vol. 1(7) May 1984, pp. 317-319. (post-flight)
(3) STS-6 Getaway Specials, NASA News, NASA GSFC, November 24,
1982. (preflight)
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(4) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special Canister mission
history)
(5) NASA STS-6 Sixth Space Shuttle Mission Press Kit, April 1983,
pp. 41-43. (preflight)
(6) Input received from Principal Investigator J. M. Amidon,
August 1993.
Contact (s) •
Capt. John Mark Amidon
PSC 80 Box 12615
APO AP
96367
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Principal Investigator(s): Streb, J. M. (1)
Co-Investigator(s): Hatelid, Major J. E. (2)
Affiliation(s): (1) During STS-006: United States Air Force
Academy, Colorado Springs, Colorado, Currently: Aerospace Systems
Division, Wright Patterson Air Force Base; (2) During STS-006:
Assistant Professor of Astronautics, U.S. Air Force Academy,
Colorado Springs, Colorado, Currently: Unknown
Experiment Origin: USA
Mission: STS Launch #6, STS-006 (STS 31-B, Challenger)
Launch Date/Expt. Date: April 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: College Student Experiment
NASA Get Away Special (GAS) Canister G-049
Volume of Canister: 5.0 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-049: The United States Air Force
Academy, Colorado Springs, Colorado
Processing Facility: Nichrome heating coil which translated along
the length of a sample.
Builder of Processing Facility: Unknown
Experiment:
Zone Refining Purification
This experiment was one of six experiments housed within the G-
049 Getaway Special Canister on STS-006. Four other experiments
(of the six) were applicable to this data base (see Amidon, STS-
006 (Chapter 14); Gross, STS-006 (Chapter 18); Neel, STS-006
(Chapter 4); Peter, STS-006 (Chapter 18)). The specific objec-
tive of the experiment was to determine if a tin sample con-
taminated with lead could be purified in a low-gravity environ-
ment using a zone-refining technique.
During the experiment, the Sn-Pb sample (which appears to have
been housed in a quartz tube) was melted by a nichrome heating
coil. The coil translated along the 7.5 cm sample length in 80
minutes. During this slow translation, local melting occurred at
the location of the heater. As the heater continued to translate
past this local melting position, local solidification occurred.
It was expected that (I) the lead impurities would be rejected in
front of the solidification front throughout the translation and
(2) the Pb would "float" to the far end of the sample thus
purifying the Sn.
It was reported that the equipment operated (mechanically) during
the mission. However, at the time Reference (i) was written,
analysis of the sample had not been completed.
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No other information concerning this experiment could be located.
Key Words: Metals and Alloys, Binary Systems, Melt and
Solidification, Zone-Refining, Metal Purification, Sedimentation,
Buoyancy-Driven Convection, Impurities, Solid/Liquid Interface,
Solidification Front Physics, Inclusion and/or Rejection of Par-
ticles, Translation Rate
Number of Samples: one
Sample Materials: tin-lead
(Sn*Pb*)
Container Materials: possibly quartz
(Si*O*)
Experiment/Material Applications:
On Earth, gravity-driven forces hamper the purification of metals
by the zone-refining process. If this low-gravity refining ex-
periment proved successful, the research could lead to high
purity metal production.
References/Applicable Publications:
(i) Cargo Systems Manual: GAS Annex for STS-6. JSC-17645 Annex
STS-6, December 3, 1982. (very short description; preflight)
(2) Swan, P. and Worsowicz, C.: The Eaglets Have Flown.
Education, Vol. i, Number 7, May 1984, pp. 317-319.
flight)
Space
(post-
(3) STS-6 Getaway Specials. NASA News, NASA/GSFC, November 24,
1982. (preflight)
(4) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report # EAC-TR-
RWR 87-11, October 2, 1987. (Get Away Special canister mission
history)
(5) NASA STS-6 Sixth Space Shuttle Mission Press Kit, April 1983,
pp. 41-43. (preflight)
Contact(s):
Capt. J. M. Streb
Aerospace Systems Division
Wright Patterson Air Force Base
Systems Only
OH 45433
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Principal Investigator(s): Carlberg, T. (1)
Co-Investigator(s): None
Affiliation(s): (1) Department of Casting Metals, Royal Institute
of Technology (RIT), Stockholm Sweden
Experiment origin: Sweden
Mission: TEXUS 7
Launch Date/Expt. Date: May 1983
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: Mirror Furnace
Builder of Processing Facility: Swedish Space Corporation (SSC),
Solna, Sweden
Experiment:
Examination of Floatinq Zones in a Mirror Furnace
This TEXUS 7 experiment was the first in a series of investiga-
tions designed by Carlberg et al. to study low-gravity float
zones. <Note: The remainder of the experiments in this series
can be found in Chapter 9, Crystal Growth from the Melt.> The
specific objectives of the experiment were to (i) examine the
formation of a AI-Cu liquid zone, and (2) study the possible ef-
fects of Marangoni convection on zone heat transfer.
Information describing the employed mirror furnace or the TEXUS 7
experimental setup could not be located at this time.
Reportedly, no results are available due to a furnace failure.
Key Words: Metals and Alloys, Binary Systems, Eutectics, Melt and
Solidification, Float Zones, Surface Tension, Free Surface, Ther-
mocapillary Convection, Marangoni Convection, Surface Tension-
Driven Convection, Heat Transfer, Solid/Liquid Interface,
Liquid/Gas Interface, Sample Homogeneity, Semiconductor Applica-
tions, Furnace Malfunction
Number of Samples: unknown
Sample Materials: eutectic Al-Cu alloy
(AI*Cu*)
Container Materials: unknown
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Experiment/Material Applications:
Float-zone space processing may lead to an improvement in the
homogeneity, purity and defect distribution of semiconductor
crystalline materials.
References/Applicable Publications:
(i) Input received from Experiment Investigator, May 1988.
Contact(s):
T. Carlberg
Department of Casting Metals
Royal Institute of Technology
S-100 44 Stockholm
Sweden
(RIT)
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Principal Investigator(s): Klein, H. (i)
Co-Investigator(s): MBB-ERNO (2)
Affiliation(s): (1) Deutsche Forschungs-und Versuchsanstalt f_r
Luft-und Raumfahrt (DFVLR), Institute for Space Simulation,
Cologne, Germany <Note: The DFVLR is now called the Deutsche
Forschungsanstalt f_r Luft-und Raumfahrt (DLR)>; (2) Bremen, Ger-
many
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #7, STS-007 (STS 31-C, Challenger)
Launch Date/Expt. Date: June 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: West German Get Away Special (GAS) MAUS Canister
DG-315
Volume of Canister: 5.0 cubic feet
Location of Canister: STS Payload Bay (carried on the office of
Space and Terrestrial Applications (OSTA-2) pallet (a NASA
experiment carrier))
Primary Developer/Sponsor of DG-315: DFVLR, Cologne,
Germany/Messerschmitt-Boelkow-Blohm (MBB-ERNO), Bremen, Germany
Processing Facility: Cartridge Heater Furnace
Builder of Processing Facillty: Unknown
Experiment:
Particle Transport Induced by Directional Solidification
Ground-based production of dispersion strengthened materials is
strongly influenced by gravity-induced sedimentation and convec-
tion. While production under low-gravity conditions sig-
nificantly reduces these disturbing influences, gravity-
independent mechanisms such as boundary forces, percolation, and
particle transport can still produce very complex phenomena in
the low-g solidified materials.
This STS-007 experiment was designed to study the low-gravity
production of solid metallic dispersions from the melt. The
specific objective of the investigation was to examine the move-
ment of second phase inclusions during the directional
solidification of a model system.
During the STS-007 mission, a transparent model system of CsCl
containing air bubbles and Pb drops was melted and directionally
solidified using a MAUS Get Away Special (GAS) canister. The air
bubbles were included to (I) account for thermal expansion and
volume increase during sample melting and (2) act as second phase
particles.
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The pure nickel furnace used for the investigation contained a
test volume of 6 mm x 12 mm x 6 mm. Two sapphire windows allowed
filming of the melting and solidification processes (Hasselblad
500 EL/M motor camera, one photograph every 12 seconds). After
activation of the experiment by a payload specialist, the experi-
ment ran automatically. (See Reference (3) and/or Reference (8)
for complete details of experimental hardware.)
Post-flight examination of the film indicated the solidification
front remained planar for the first 5 minutes of low-gravity
solidification. Reportedly, the growth rate during the first
five minutes of the solidification was 4 microns/sec. However,
the planar interface became disturbed by the presence of the air
bubbles. "In the early stages of the solidification process for-
mation of gas bubbles at the solidification front was favoured by
the discontinuous change of solubility of gas in melt and gas in
crystal. Later gas bubbles were formed at the furnace walls
also. Gas bubbles at the advancing solidification front were not
pushed ahead into the melt but were built into the CsCl crystal
as canal bubbles from the statu nascendi .... " (3, p. 376) <Note:
a definition of the words "statu nascendi" could not be located
at this time.> It was also reported that "...bubble growth with
advancing solidification proceeded faster than the engulfment of
the bubbles by the crystal." (3, p. 376)
By comparing sequential flight photographs taken during the melt-
ing and solidification processes, a global pattern of particle
motion was revealed. Reportedly, this clock-wise motion was due
to gravity-induced convection. The measured residual gravity
no_r_al to the thermal gradient (65 K/cm) was between i0 -J and
i0 v g. The range of free convection velocities, estimated by
the Navier-Stokes equations, was within the range of those
velocities observed in the flight experiment.
Displacement of 40 micron Pb drops by the solidification front
(moving at 4 microns/sec) was clearly visible. This result
agreed favorably with critical velocity determinations from ter-
restrial experiments employing an organic matrix. (See Reference
8 for details of terrestrial experiments.)
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Key Words: Metals and Alloys, Model Materials, Transparent Liq-
uids, Melt and Solidification, Directional Solidification, Ther-
mal Gradient, Dispersion, Metallic Dispersion, Dispersion
Strengthening, Multiphase Media, Bubbles, Bubble Formation,
Bubble Dispersion, Bubble Growth, Drops, Particle Transport, Par-
ticle Motion, Particle Dispersion, Bubble Motion, Inclusion
and/or Rejection of Particles, Critical Velocity, Marangoni Con-
vection, Thermocapillary Convection, Surface Tension-Driven Con-
vection, Buoyancy-Driven Convection, Sedimentation, Interface
Physics, Interfacial Tension, Interface Shapes, Solidification
Front Physics, Planar Solidification Interface, Growth Rate,
Solid/Liquid Interface, Liquid/Gas Interface, Thermal Expansion,
Volume Increase, Acceleration Effects
Number of Samples: one
Sample Materials: molten cesium-chlorine with lead droplets and
gas bubbles
(Cs*Cl*, Pb*)
Container Materials: unknown
Experiment/Material Applications:
Cesium chloride, CsCl, was chosen as the matrix material because
(1) it is transparent and the solidification process can be
filmed and (2) its relevant solidification parameters are similar
to metallics (e.g., entropy of solidification, melt temperature).
References/Applicable Publications:
(i) Klein, H. and N_hle, R.: Particle Transport Induced By Direc-
tional Solidification. In ESA 5th European Symposium on Material
Sciences Under Microgravity, Madrid, Spain, April 5-8, 1983, ESA
SP-191, pp. 37-40. (preflight)
(2) Klein, H., N_hle, R., and Wanders, K.: Metal-Like Solidifica-
tion Of a Multi-Phase Dispersion in Low Gravity During a Space
Shuttle Flight. Zeit-schrift fuer Flugwissenschaften und
Weltraumforschung, Vol. 9, Jan.-Feb. 1985, pp. 14-20. (post-
flight)
(3) Klein, H., N_hle, R., and Wanders, K.: Transport Processes in
Directional Solidification During Space Shuttle Flight. In
Proceedings of the 5th European Symposium on Materials Sciences
Under Microgravity, Schloss Elmau, November 5-7, 1984, ESA SP-
222, pp. 375-378. (post-flight)
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(4) Baum, D., Otto, G., and Vits, P.: MAUS-A Flight Opportunity
for Automated Experiments Under Microgravity Conditions. Acta
Astronautica, Vol. Ii, No. 3-4, pp. 239-245, 1984. (no discus-
sion of experiment results)
(5) Baum, D., Stolze, H., and Vits, P.: First Flight Data From
MAUS Payloads on STS 7 and STS ii. 35th Congress of the Interna-
tional Astronautical Federation, October 7-13, 1984, Lausanne,
Switzerland, IAF #84-137, ii pp. (post-flight)
(6) Klein, H., Walter, H. U., Bewersdorff, A., and P6tschke, J.:
Direct Observation of Processes in a Solidifying Dispersion.
Adv. Space Research, Vol. 4, No. 5, pp. 57-62, 1984. (post-
flight)
(7) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR 87-11, October 2, ' 1987. (Get Away Special canister mission
history)
(8) Omenyi, S. N., Neumann, A. W., Martin, W. W., Lespinard,
G. M., and Smith, R. P., Journal of Applied Physics, Vol. 52,
1981, p. 796. (ground-based experiments used for comparison)
Contact(s):
Dr. H. Klein
Inst. f_r Raumsimulation
DLR K61n WB-RS
Linder H6he
D-51140 K61n 90
Germany
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Principal Investigator(s): Ghersini, G. (i), Grugni, G. (2),
Sona, P. G. (3), Rossitto, F. (4)
Co-Investigator(s): Unknown
Affiliation(s): (1,2) Centro Informazioni Studi Esperienze
(CISE), Milano, Italy; (3,4) CIRS, Politecnico di Milano, Milano,
Italy
Experiment Origin: Italy
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab i: Columbia)
Launch Date/Expt. Date: November 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Material Sciences Double
Rack (MSDR)
Processing Facility: Ultra-High Vacuum (UHV) Chamber
Builder of Processing Facility: Centro Informazioni Studi
Esperienze (CISE), Milano, Italy
Experiment:
Adhesion of Metals (IES340)
Although adhesion forces are fundamental to all contact problems
involving macroscopic bodies, very little is known about their
nature and magnitude. Experimental studies of adhesion phenomena
must take into account the contacting surfaces' (i) cleanliness
or controlled contamination, (2) surface topography, and (3)
deformation properties. Experimental results (such as those re-
lated to interface energy determinations) strongly depend on the
method of measurement and reportedly have not been satisfactory.
"In particular, static experiments cannot give information about
the onset of dissipative phenomena which constitutes a control-
ling parameter of adhesion between solid bodies." (5, p. 347)
In a reduced gravity environment, it should be possible to per-
form dynamic adhesion experiments such that (i) energy transfers
are of the same order of magnitude as interface energies and (2)
a minimum disturbance of the surface (e.g., mechanical, chemical)
is realized.
This Spacelab 1 experiment was designed to investigate the sur-
face forces and interface energies present during the contact of
two metallic surfaces (a sphere and target). A major objective of
the investigation included the measurement of the restitution
coefficient, the contact time, and the time evolution of the con-
tact force as a function of impact velocity.
During an experimental run, the small (3.17 mm diameter) metallic
sphere was released from a holding area toward a force transducer
(metal target). Reportedly, "...the sphere rebounds on the tar-
get, progressively reducing its energy so as to reach the
14-120
velocity values required for the investigation of adhesion
forces." (I, p. 207) (A percussion subsystem contained within
the experimental facility, "...hit[s] the base of the transducer
when the sphere was resting on it, making the sphere start a
series of rebounds." (I, p. 208) Incoming and outcoming
velocities of the sphere at each impact were to be deduced from
from the time interval measured between successive rebounds.
Data from the transducer enabled determination of the contact
force versus time during each sphere impact. ("The transducer
output signals were time sampled and recorded, and from these
data the time evolution of the contact force was obtained." (I,
p. 2o7))
Both the sphere and target were contained in an ultra high vacuum
(UHV) chamber to control possible contamination of the colliding
surfaces. The chamber was connected to an ion pump th_ main-
tained the the facility at a dynamic vacuum level of i0- Torr.
"In order to neglect the actual microgravity aboard SPACELAB and
parasitic accelerations, a known... [gravity]... field, of the
order of 10-3g,... [was] produced by means of a magnetic field
acting on the sphere .... " (i, p. 207)
The 1-hour-long experiment was originally scheduled for the 4th
day of the mission. During this hour, data related to ap-
proximately 80 impacts were to be collected. "However, since the
facility operation required minimum involvement from the payload
specialists and minimum power consumption, it was possible to
start the experiment several additional times during the Mis-
sion." (i, p. 209) (The facility was actually active ap-
proximately 4 hours during the mission.)
Reportedly, "In most cases, no effective operation of the
facility was obtained: the experiment run was started several
times, each time automatically ending to abort after a short
period, since no data were available in the UHV chamber buffer
memories when the experiment sequence reached the step 'data
transfer to CCO'. In other cases, significant data were actually
collected, so the experimental runs were performed as expected."
(i, p. 209) (Reference (i) includes details of the above men-
tioned difficulty.)
Analysis of the data indicated the time intervals between succes-
sive rebounds (which were to be resolved from the time-of-flight
data) could not be resolved. Therefore, single pulse analysis
was used to obtain interface energy data (see Reference (i) for
details). Reportedly, the surface energy per unit area for the
experimental materials could be attained and was 1.15 (+/- 0.02)
J/m _. These data fit within the expected range for iron-based
materials.
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Key Words: Metals and Alloys, Adhesion of Metals, Collision of
Metals, Impact Velocity, Solid/Solid Interface, Spheres, Interfa-
cial Energy, Surface Energy, Magnetic Fields, Acceleration Ef-
fects, Vacuum, Processing Difficulties
Number of Samples: unclear
Sample Materials: Sphere material: AISI 420 Steel; target
material: AISI 325 Steel
Container Materials: not applicable
Experiment/Material Applications:
See Experiment section (above).
References/Applicable Publications:
(I) Rossitto, F. and Ghersini, G.: Adhesion of Metals-Experiment
1 ES 340. In ESA 5th European Symposium on Material Sciences Un-
der Microgravity, Results of Spacelab i, Schloss Elmau, November
5-7, 1984, ESA SP-222, pp. 207-211.
(2) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements)
(3) Adorni, N., Ghersini, G., Sona, P. G., Rossitto, F., and Cor-
tellazzi, G.: <Note: Title of article not specified.> In Proc.
of the 3rd European Symposium on Materials Sciences in Space,
Grenoble, ESA SP-142 (June 1979), pp. 125-132.
(UHV facility)
(4) Adorni, N., Ceserani, A., Cortellazzi, G., Ghersini, C.,
Grugni, G., Oriani, A., Rossini, T., Rossitto, G., Sona, P. G.,
squilloni, A., Torsello, G., and Vaghi, F.: <Note: Title of ar-
ticle not specified.> In Proc. 21st Int. Sci. Meeting on Space,
Rome, 1981, pp. 153-162. (UHV facility)
(5) Rossitto, F., Sona, P. G., Grugni, G., and Ghersini, G.:
"Adhesion of Metals" Experiment Simulation and Ground-Based
Reference Tests Results. In Proceedings of the Fourth European
Symposium on Materials Sciences Under Microgravity, Madrid,
Spain, April 5-8, 1983, ESA SP-191, pp. 347-351. (preflight,
ground-based tests)
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Contact(s):
G. Ghersini or G. Grugni
Centro Informazioni
Studi Esperienze
Casella Postale 3986
1-20100 Milano
Italy
F. Rossitto or P. G. Sona
Politecnico di Milano
Via Ponzio 34/3
1-20133 Milano
Italy
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Principal Investigator(s): Malmejac, Y. (1)
Co-Investigator(s}: Unknown
Affiliation(s} : (1) Centre d'Etudes Nucl_aires de Grenoble
(CENG), Grenoble, France
Experiment Origin: France
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab i: Columbia)
Launch Date/Expt. Date: November 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Spacelab Rack
Processing Facility: Isothermal Heating Facility (IHF) Furnace
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Nucleation Behavior of Eutectic Alloys IES312
"The eutectics obtained with a metal and a semiconductor show ex-
tensive clustering in the liquid just above the melting tempera-
ture. The existence of these clusters seems to have a strong in-
fluence on nucleation.
"On earth destabilizing currents are induced by thermal convec-
tion and sedimentation. In space liquid stability should be
greater than on earth and consequently undercooling should be
more important." (3, p. 106)
This Spacelab 1 experiment was the first in a series of inves-
tigations designed by Malmejac to study the low-gravity nuclea-
tion of a crystal in a liquid. (The experiment was also the one
of two Spacelab 1 investigations designed by Malmejac to examine
the behavior of metallic melts (see Malmejac, Spacelab i, Ther-
modiffusion in Tin Alloys (Chapter ii)).)
A document published prior to the Spacelab 1 mission (Reference
(2)), indicated that four alloys (Ag-Ge, AI-Si, AI-Ge, and Au-
si) were to be processed in the Isothermal Heating Facility (IHF)
during the Spacelab mission.
No technical papers (published after the flight) could be located
which discussed the objectives, experimental setup, or results of
this investigation.
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Key Words: Metals and Alloys, Melt and Solidification, Binary
Systems, Eutectics, Buoyancy-Driven Convection, Thermal Convec-
tion, Sedimentation, Liquid Stability, Solid/Liquid Interface,
Undercooling, Nucleation
Number of Samples: unknown, possibly four
Sample Materials: Unknown. Alloys of Ag-Ge, AI-Si, AI-Ge, and
Au-Si were to be processed.
(Ag*Ge*, Al*Si*, AI*Ge*, Au*Si*)
Container Materials: unknown
Experiment/Material Applications:
A publication published prior to the Spacelab 1 launch (Reference
(2)) indicated that the alloys to be studied were selected be-
cause of their unique behavior (i) while liquid and (2) during
solidification.
References/Applicable Publications:
(I) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements)
(2) Spacelab 1 Experiments. ESA, NASA, Marshall Space Flight Cen-
ter, Publication Number 15M983, p. 17. (preflight; press
release)
(3) Malmejac, Y.: Nucleation of Eutectic Alloys. In Scientific
Goals of the German Spacelab Mission DI, WPF, 1985, p. 106.
(preflight)
Contact(s):
Prof. Dr. Y. Malmejac
Centre d'Etudes Nucleaires de Grenoble, 85 X
Avenue des Martyrs
38041 Grenoble CEDEX
France
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Principal Investigator(s): Malmejac, Y. (1)
Co-Investlgator(s}: Unknown
Affiliation(s): (1) Centre d'Etudes Nucleaires de Grenoble
(CENG), Grenoble, France
Experiment Origin: France
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Materials Science Double
Rack (MSDR)
Processing Facility: Isothermal Heating Facility (IHF) Furnace
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Nucleation of Eutectic Alloys-Analysis of Crystal Liquid Phase
Nucleation in Microqravity (WL-IHF-09)
This Spacelab D1 experiment was the second in a series of inves-
tigations designed by Malmejac to study the low-gravity nuclea-
tion of a crystal in a liquid (see Malmejac, Spacelab i, Nuclea-
tion Behavior of Eutectic Alloys).
Reference (i) indicated that four alloys (Ag-Ge, Al-Si, AI-Ge,
and Au-Si) were to be processed in the Isothermal Heating
Facility (IHF) during the mission. The facility was to consist
of "...4 graphite blocks each of them containing 4 crucibles
filled with the 4 different alloys and one thermocouple." (i, p.
106)
No papers (published after the flight) could be located which
discussed the objectives, experimental setup, or results of the
investigation.
Key Words: Metals and Alloys, Melt and Solidification, Binary
Systems, Eutectics, Buoyancy-Driven Convection, Sedimentation,
Liquid Stability, Solid/Liquid Interface, Undercooling, Nuclea-
tion
Number of Samples: unknown, possibly sixteen
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Sample Materials: Unknown. Alloys of Ag-Ge, AI-Si, AI-Ge, and
Au-Si were to be processed.
(Ag*Ge*, Al*Si*, AI*Ge*, Au*Si*)
Container Materials: unknown
Experiment/Material Applications:
A preflight publication (Reference i) indicated that the alloys
to be studied were selected because of their unique behavior (1)
while liquid and (2) during solidification.
References/Applicable Publications:
(1) Malmejac, Y.: Nucleation of Eutectic Alloys. In Scientific
Goals of the German Spacelab Mission D1, WPF, 1985, p. 106.
(preflight)
Contact(s):
Prof. Dr. Y. Malmejac
Centre d'Etudes Nucleaires de Grenoble, 85 X
Avenue des Martyrs
38041 Grenoble CEDEX
France
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Principal Investigator(s): M_ller, G. (1)
Co-Investigator(s): None
Affiliation(s): (1) Institut f_r Werkstoffwissenschaften VI,
Universit_t Erlangen-N_rnberg, Erlangen, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab I: Columbia)
Launch Date/Expt. Date: November 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Materials Sciences Double
Rack (MSDR)
Processing Facility: Low-Temperature Gradient Heating Facility
(GHF) Furnace
Builder of Processing Facility: CNES, Grenoble, France
Experiment:
Unidirectional Solidification of Eutectics (InSb-NiSb) (IES319)
Interest in the technical applications of composite materials has
spurred the development of "in-situ" composites. These composite
materials are formed by the solidification of a homogeneous melt
composed of a eutectic composition. While well-defined composite
structures can be created via directional solidification of the
material, gravity-driven convection can detrimentally alter the
resulting eutectic structure.
This Spacelab 1 experiment was the first in a series of inves-
tigations designed by G. M_ller et al. to study the low-gravity
directional solidification of an InSb-NiSb eutectic. The
specific objective of the investigation was to examine the in-
fluences of gravity on the solidification of a model eutectic
system.
Prior to the shuttle flight, three samples of an InSb-NiSb alloy
(eutectic composition) were prepared. Each sample was configured
in a sealed quartz ampoule filled with an inert gas. Two
graphite plugs at each end of the sample maintained the heat
flux, and a quartz spring enclosed in each ampoule compensated
for volume increase (13.6% for InSb-NiSb) upon melting. Two
thermocouples (enclosed in quartz tubes) were included in each
sample.
During the low-gravity mission, the three samples were simul-
taneously processed in the Gradient Heating Facility (GHF). The
samples were heated and melted (approximately 1 hour) and then
directionally solidified using a "power down" technique
(approximately 2 hours). This technique produced three direc-
tionally solidified samples of equal lengths (32.7 +/- 0.8 mm).
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Post-flight examination of the samples was performed using metal-
lographic techniques. Each sample was cut longitudinally and
mechanically polished. Samples cut perpendicular to the growth
direction were also examined. After counting the number of
eutectic needles per unit area, it was determined that the space-
grown samples contained approximately 30% more needles than cor-
responding Earth-processed samples. As in the Earth-processed
sample, the number of needles was proportional to the growth
rate, but with a 30% higher proportionality constant. It was
also reported that no dendrites were observed in the samples.
<Note: Reference (i) includes a discussion of a theory, according
to Jackson and Hunt, which relates growth rate and eutectic spac-
ing.>
Key Words: Metals and Alloys, Melt and Solidification, Direc-
tional Solidification, Eutectics, Binary Systems, Model
Materials, Buoyancy-Driven Convection, Thermal Gradient, Sample
Homogeneity, Heat Flux, Solid/Liquid Interface, Growth Rate,
Sample Microstructure, Composition Distribution, Needles, Volume
Change, Volume Compensation, Semiconductors, Semiconductor Ap-
plications
Number of Samples: three
Sample Materials: InSb-NiSb ; Indium-Antimonide
Antimonide
(I n* Sb*Ni* Sb* )
Container Materials: quartz covered with graphite foil
(si*o*, c*)
- Nickel-
Experiment/Material Applications:
The semiconductor material InSb-NiSb was selected for study as a
model system because:
(1) The eutectic structure is highly sensitive to solidification
parameters
(2) The eutectic has been extensively investigated and has been
well characterized
(3) The eutectic melting point is very low (520 °C).
Further, the material has been employed as a galvanomagnetic
(field-plate) device.
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References/Applicable Publications:
(i) M_ller, G. and Kyr, P.: Directional Solidification of InSb-
NiSb Eutectic. In ESA 5th European Symposium on Materials
Sciences Under Microgravity, Results of Spacelab i, Schloss EI-
mau, November 5-7, 1984, ESA SP-222, pp. 141-146. (post-flight)
(2) Chassay, R. P. and Schwaniger, A: Low-G Measurements by NASA.
In Workshop Proceedings of Measurement and Characterization of
the Acceleration Environment On Board the Space Station, August
11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48. (acceleration
measurements; post-flight)
(3) Cambon, G., Castets, B., Boutemy, O., Gicquel, J. P., Aubron,
R., Boddaert, M., and Benoit, J.: Gradient Heating Facility Be-
havior. In Proceedings of the 5th European Symposium on Material
Sciences Under Microgravity, Schloss Elmau, November 5-7, 1984,
ESA SP-222, pp. 115-119. (post-flight; discusses experimental
apparatus)
(4) Input received from Principal Investigator G. Muller, August
1993.
Contact(s):
Prof. G. M_ller
Univ. Erlangen-N_rnberg
Inst. f_r Werkstoffwiss. 6
Werkstoffe der Elektrotechnik
Martensstr. 7
D-91058 Erlangen
Germany
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Principal Investigator(s)= M_ller, G. (1), Kyr, P. (2)
Co-Investigator(s): None
Affiliation(s): (1,2) Institut f_r Werkstoffwissenschaften,
Universit_t Erlangen-N_rnberg, Erlangen, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS i0
Launch Date/Expt. Date: May 1984
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 02-3
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Directional Solidification of InSb-NiSb Eutectic
This TEXUS i0 experiment was the second in a series of investiga-
tions designed by G. M611er et al. to study the low-gravity
directional solidification of an InSb-NiSb eutectic (see G.
M_ller, Spacelab i). The specific objectives of the experiment
were to (i) determine the influence of convection on the growth
and structure of fiber-like eutectic alloys, (2) test a mirror
furnace to be later employed on the Spacelab D1 mission, and (3)
test a current pulse technique used for solidification rate
determination.
Prior to the flight, one InSb-2.3 wt.% NiSb eutectic sample was
prepared. The sample was contained in a sealed quartz ampoule
filled with an inert gas. Two graphite plugs at each end of the
sample maintained the heat flux and a quartz spring enclosed in
the ampoule compensated for volume increase (13.6% for InSb-NiSb)
upon melting. The sample contained at least one thermocouple and
current wires for interface demarcation by the Peltier pulse
technique. (Interface demarcation allowed accurate determination
of the growth rate).
The sample was contained in the TEXUS Experiment Module TEM 02-3
mirror furnace. Just prior to launch, approximately ii mm of the
sample was directionally solidified. Solidification was ac-
complished by translating the sample at growth rates of about 1
mm/min. During the low-gravity phase of the mission, ap-
proximately 4 mm of the sample was directionally solidified.
Demarcation of the solid/liquid interface was achieved during the
whole growth period.
Post-flight examination of the sample revealed that the number-
density of eutectic fibers, N, increased with solidification
rate, V. It was also reported that for a given solidification
rate, N was greater in the low-gravity processed samples when
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compared to Earth-processed samples.
"The analysis of the microstructures along a longitudinal section
of the sample showed that the initial interface was practically
plane, ii mm of sample were resolidified before launch which in-
duced a growth discontinuity. At that time, the interface was
then slightly convex .... [The low-gravity] microstructure con-
firmed the results of the previous space experiment. The average
spacing between the NiSb needles decreased by 20% during the
flight." (2, p. 222)
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Metals and Alloys, Melt and Solidification, Direc-
tional Solidification, Eutectics, Fiber Eutectics, Binary Sys-
tems, Model Materials, Buoyancy-Driven Convection, Thermal
Gradient, Homogeneity, Heat Flux, Solid/Liquid Interface, Inter-
face Demarcation, Peltier Pulsing, Growth Rate, Solidification
Rate, Translation Rate, Interface Shapes, Planar Solidification
Interface, Interfacial Curvature, Sample Microstructure, Inter-
Fiber Spacing, Composition Distribution, Fibers, Needles, Volume
Change, Volume Compensation, Semiconductors, Semiconductor Ap-
plications
Number of Samples: one
Sample Materials: Indium-antimony - nickel-antimony,
wt.% NiSb
(In*Sb*Ni*Sb*)
Container Materials: quartz
(si*0*)
InSb-2.3
Experiment/Material Applications:
See G. M_ller, Spacelab i.
References/Applicable Publications:
(i) M_ller, G. and Kyr, P.: Directional Solidification of the
InSb-NiSb Eutectic. In Scientific Results of the German Spacelab
Mission DI, Norderney, Germany, August 27-29, 1986, pp. 246-259.
(post-flight; discusses results from TEXUS i0, Spacelab i, and
Spacelab D1 experiments)
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(2) Directional Solidification of Eutectic InSb-NiSb. In Summary
Review of Sounding Rocket Experiments in Fluid Science and
Materials Sciences, TEXUS 1 to 20, MASER 1 and 2, February 1991,
ESA SP-II32, pp. 222-223. (post-flight)
(3) Input received from Principal Investigator G. M_ller, August
1993.
Contact(s):
Prof. G. M_ller
Univ. Erlangen-N_rnberg
Inst. f_r Werkstoffwiss. 6
Werkstoffe der Elektrotechnik
Martensstr. 7
D-91058 Erlangen
Germany
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Principal Investigator(s): M_11er, G. (1)
Co-Investigator(s): None
Affiliation(s): (1) Institut f_r Werkstoffwissenschaften,
Universit_t Erlangen-N_rnberg, Erlangen, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, M E D E A Double Rack
Processing Facility: Monoellipsoidal Mirror Furnace (ELLI)
Builder of Processing Facility: Dornier DS, Friedrichshafen, Ger-
many
Experiment:
Directional Solidification of InSb-NiSb Eutectic - Determination
of Gravity-Induced Convection on Fiber Spacinq (MD-ELI 04/05)
This Spacelab D1 experiment was the third in a series of inves-
tigations designed by G. M_ller et al. to study the low-gravity
directional solidification of an InSb-NiSb eutectic (see G.
M_ller, Spacelab i; TEXUS i0). The specific objective of the in-
vestigation was to examine the influences of gravity on the
solidification of a model eutectic system.
Prior to the D1 mission, two InSb-NiSb eutectic samples were
prepared. Each sample was contained in a sealed quartz ampoule
filled with an inert gas. Two graphite plugs at each end of the
sample maintained the heat flux and a quartz spring enclosed in
each ampoule compensated for volume increases (13.6% for InSb-
NiSb) upon melting. Each sample contained at least one ther-
mocouple and current wires for interface demarcation by the Pel-
tier pulse technique. (Interface demarcation allowed accurate
determination of the growth rate.)
During the mission, the samples were directionally solidified in
the Monoellipsoid Mirror Heating Furnace.
To thoroughly examine the effects of gravity on the eutectic
spacing, several directional solidification experiments were per-
formed on Earth. These experiments included processing InSb-NiSb
eutectics (i) at normal (l-g) gravity levels and (2) at higher
centrifuge-induced g-levels. The centrifuge subjected the
samples to gravity levels of 50 to 30 g. The results from these
ground-based studies were compared to those of the Spacelab D1
mission as well as other low-gravity experiments (see Reference
(3)).
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Post-flight examination of the D1 samples indicated a larger num-
ber of eutectic fibers per unit area, N, than in those samples
processed (at the same growth rate) under l-g or high-g condi-
tions. All samples illustrated a proportionality between N and
the solidification rate, V, but with different proportionality
constants. It was reported that, by employing the Jackson and
Hunt theory (see Reference (3) for detailed discussion), the
variation between fiber spacing and growth rate could not be ex-
plained assuming an exact eutectic composition. By assuming an
off-eutectic composition, the model could quantitatively describe
the results from the InSb-NiSb eutectics. This was also true
when the theory was applied to results from other eutectic sys-
tems (see Reference (3)). It was reported that a possible ex-
planation for the off-eutectic behavior of these experiments was
an effect from Soret diffusion.
Key Words: Metals and Alloys, Melt and Solidification, Direc-
tional Solidification, Eutectics, Fiber Eutectics, Binary Sys-
tems, Model Materials, Buoyancy-Driven Convection, Diffusion,
Soret Diffusion, Thermal Gradient, Homogeneity, Heat Flux,
Solid/Liquid Interface, Solidification Rate, Interface Demarca-
tion, Peltier Pulsing, Growth Rate, Sample Microstructure, Inter-
Fiber Spacing, Composition Distribution, Fibers, Volume Change,
Volume Compensation, Centrifuge, Acceleration Effects, Processing
at High Gravity Levels, Semiconductors, Semiconductor Applica-
tions
Number of Samples: two
Sample Materials: InSb-NiSb, Indium-Antimony -
eutectic composition
(In*Sb*Ni*Sb*)
Container Materials: quartz
(Si*O*)
Nickel-Antimony,
Experiment/Material Applications:
See G. M_ller, Spacelab i.
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References/Applicable Publications:
(1) M_ller, G. and Kyr, P.: Directional Solidification of the
InSb-NiSb Eutectic. In BMFT/DFVLR Scientific Results of Spacelab
Mission D1, Abstracts of the D1 Symposium, Norderney, Germany,
August 27-29, 1986, p. 67. (abstract only; post-flight)
(2) M_ller, G. and Kyr, P.: Directional Solidification of InSb-
NiSb Eutectic. In Scientific Goals of the German Spacelab Mis-
sion DI, WPF, 1985, pp. 105-106. (preflight)
(3) M_ller, G. and Kyr, P.: Directional Solidification of the
InSb-NiSb Eutectic. In Proceedings of the Norderney Symposium on
Scientific Results of the German Spacelab Mission DI, Norderney,
Germany, August 27-29, 1986, pp. 246-259. (post-flight)
(4) M_ller, G., Schmidt, E., and Kyr, P.: Investigation of Con-
vection in Melts and Crystal Growth Under Large Internal Ac-
celerations. In Journal of Crystal Growth, Vol. 49, 1980, pp.
387-395. (Preflight; results from high-g experiments)
(5) M_ller, G. and Neumann, G.: Suppression of Doping Striations
in Zone Melting of InSb by Enhanced Convection on a Centrifuge.
In Journal of Crystal Growth, Vol. 59, 1982, pp. 548-556.
(preflight; results from high-g experiments)
(6) Input received from Principal Investigator G. M611er, August
1993.
Contact(s):
Prof. G. M_ller
Univ. Erlangen-N_rnberg
Inst. f_r Werkstoffwiss. 6
Werkstoffe der Elektrotechnik
Martensstr. 7
D-91058 Erlangen
Germany
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Principal Investigator(s): Ecker, A. (1), Sahm, P. R. (2)
Co-Investigator(s): None
Affiliation(s): (1) During TEXUS 10: RWTH Aachen, Federal
Republic of Germany, Currently: Space Strategies and Projects,
Corporate Planning and Controlling, Daimler Benz AG, Stuttgart,
Germany; (2) Giesserei-Institut, RWTH Aachen, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS i0
Launch Date/Expt. Date: May 1984
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-6 (the
facility included a total field interferometer)
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Boundary Layer in Solidifyinq Transparent Melts
<Note: The following summary was derived from information
provided by the Principal Investigator, A. Ecker, and brief dis-
cussions provided in References (3) and (i0). It was reported
(Reference (8)) that the experimental objectives and setup of
this experiment were published in Reference (9). However,
Reference (9) was not available at the time this experiment sum-
mary was prepared.>
This TEXUS i0 experiment was the first in a series of investiga-
tions designed by Ecker et al. to study the low-gravity
solidification of a transparent material using holographic tech-
niques. The specific objective of the experiment was to study
the inter-dependencies of temperature, concentration, and fluid
flow in the melt adjacent to the solid-liquid interface.
During the mission, the TEXUS Experiment Module TEM 06-6 was used
to melt and solidify a hypomonotectic succinonitrile-ethanol mix-
ture. A total field interferometer included in the module
produced interferograms of the sample during the rocket flight.
These interferograms were recorded by a cine camera. From these
interferograms, the concentration fields of the sample were
determined. Thermocouples in the melt provided temperature data
of the experiment.
Reportedly, the research demonstrated significant differences in
low-gravity and terrestrial temperature and concentration
profiles. These differences were attributed to the "...rising
droplets of the L2-phase (ethanol rich) in the gravity environ-
ment .... Separation processes in the melt below the consulate
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temperature and the different wetting characteristics at the
[solid/liquid] interface between liquid (L2)-solid (S I) liquid
(LI) causes fluid flow in the vicinity of the solidification
front. Density differences between the liquid (LI) and the liq-
uid (L2) augment or diminish the thermocapillary driven motion of
the droplets toward the higher temperature, resulting from ther-
mal and solutal differences in the interface. The droplets are
resolved after reaching the critical mixing... [temperature] T c-
The resulting concentration distribution is not described by any
known theory. In contrast the concentration and temperature
profiles measured during the TEXUS i0 flight are compatible to
the textbook behavior of heat and mass transport due to pure dif-
fusion. Experiments employing a hypermonotectic composition can-
not be used because of the large number of nucleating droplets in
the undercooled liquid. The principle behavior was observed
using hypomonotectic compositions. There droplets will be
created only by the monotectic solidification .... The small
droplets rise owing to... [thermocapillary] augmented by...
[buoyancy] and decompose at the critical isotherm .... " (3, p.
213)
Key Words: Metals and Alloys, Melt and Solidification, Monotectic
Compositions, Hypermonotectic Compositions, Transparent Liquids,
Model Materials, Solid/Liquid Interface, Boundary Layer, Heat and
Mass Transfer, Solutal Gradients, Thermal Gradient, Density Dif-
ference, Concentration Distribution, Thermosolutal Convection,
Buoyancy-Driven Convection, Buoyancy Effects, Diffusion, Under-
cooling, Drops, Liquid/Liquid Interface, Wetting, Drop Migration,
Marangoni Movement of Droplets, Thermocapillary Convection,
Nucleation, Interferometric Measurement, Holography
Number of Samples: one
Sample Materials: succinonitrile-15 wt.% ethanol
Container Materials: stainless steel, optical glass windows; side
walls: PVC (polyacetal)
Experiment/Material Applications:
"The microstructure of cast metallic materials is largely deter-
mined by the primary dendrite solidification phenomena which are
influenced by the nature of the fluid flow in the melt. Because
transparent model systems [e.g. , succinonitrile-ethanol,
succinonitrile-water] solidify in the same manner as metals, they
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are useful for fundamental investigations and allow in situ ob-
servation and interferometric measurement of the environment
close to the solid-liquid interface." (i, p. 309)
References/Applicable Publications"
(i) Ecker, A., Alexander, J.I.D., and Frazier, D. 0.: Simul-
taneous Temperature and Concentration Measurement in Front of
Solidifying Monotectic Systems Using the Two Wavelength
Holographic Technique. In Proc. of the 6th European Symposium on
Material Sciences Under Microgravity Conditions, Bordeaux,
France, December 2-5, 1986, ESA SP-256, February 1987, pp. 309-
311. (post-flight)
(2) Ecker, A.: A Two Wavelength Holographic Technique for Simul-
taneous Measurement of Temperature and Concentration During the
Solidification of Two Component Systems. AIAA 25th Aerospace
Sciences Meeting, January 12-15, 1987, Reno, Nevada, AIAA #87-
0579, 6 pp.
(3) Ecker, A., Schmitz, G. J., and Sahm, P. R.: Boundary Layers
of Solidifying Transparent Melts. In Proceedings of the Norder-
ney Symposium on Scientific Results of the German Spacelab Mis-
sion DI, Norderney, Germany, August 27-29, 1986, pp. 212-216.
(post-flight)
(4) Input received from Principal Investigator A. Ecker, July
1988 and July 1993.
(5) Ecker, A.: Two-Wavelength Holographic Measurement of Tempera-
ture and Concentration During Alloy Solidification. Journal of
Thermophysics and Heat Transfer, Volume 2, Number 3, July 1988,
pp. 193-196. (related research)
(6) Ecker, A., Frazier, D. O. and Alexander, J.I.D.: Fluid Flow
in Solidifying Monotectic Alloys. Metallurgical Transactions A,
Volume 20A, November 1989, pp. 2517-2527. (related research)
(7) Ecker, A., Frazier, D. O., and Alexander, J.I.D.: Class-
ification of Fluid Flow in Front of Solidifying Monotectic Al-
loys. In Proceedings VIIth European Symposium on Materials and
Fluid Sciences in Microgravity, Oxford, UK, September 10-15,
1989, ESA SP-295, January 1990, pp. 115-120. (related ground ex-
periments and KC-135 experiments)
(8) Input received from S. Rex (ACCESS e. V. (Aachen Center for
Solidification in Space)), August 1993.
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(9) Ecker, A.: Estarrungs front dynamik in Durchsichtigen
Modellsystemen. Ph.D. Thesis, RWTH-Aachen, 1985.
(i0) Boundary Layers in Transparent Melts. In Summary Review of
Sounding Rocket Experiments in Fluid Science and Materials
Sciences, ESA SP-I132, February 1991, pp. 224-225. (post-flight)
contact(s):
Dr. Andreas Ecker
Senior Manager
Corporate Planning and Controlling
Space Strategies and Projects (KPC/A)
Daimler-Benz AG
70546 Stuttgart
Germany
Prof. Dr. P. R. Sahm
Giesserei-Institut der RWTH Aachen
D-52056 Aachen
Germany
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Principal Investigator(s): Ecker, A. (1), Sahm, P. R. (2)
Co-Investigator(s): None
Affiliation(s}: (i) During STS-030: RWTH Aachen, Federal Republic
of Germany, Currently: Space Strategies and Projects, Corporate
Planning and Controlling, Daimler Benz AG, Stuttgart, Germany;
(2) Giesserei-Institut der RWTH Aachen, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Process Chamber Rack
(Spacelab Double Rack)
Processing Facility: Holographic Optical Laboratory (HOLOP)
(including a holographic interferometer)
Builder of Processing Facility: (i) Institute for Space Simula-
tion, Deutsche Forschungs-und Versuchsanstalt fur Luft-und Raum-
fahrt (DFVLR), K61n, Germany and (2) Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany <Note: The DFVLR is now called the
Deutsche Forschungsanstalt fur Luft-und Raumfahrt (DLR).>
Experiment:
GETS - Boundary Layers in Solidifyinq Transparent Melts:
Holoqraphic Observation of Solidification Processes (PK HOL 04)
"Transparent melts allow, by utilizing appropriate optical
methods, the in-situ observation of solidification processes.
The formation of microstructures depends on heat and mass
transport in close vicinity to the solidification front. This
means, in effect, the interplay of temperature, concentration,
and natural convection interface layers ....
"In the earth's laboratory diffusion and convection both function
as transport mechanisms. While the first is always independent
of gravity, the latter may both be gravity independent (e.g., in
the form of [M]arangoni convection) as well as gravity d_ependent
(as natural convection). Alloys systems, in particular those
that contain less dense components than the alloy base may,
despite stable temperature layering, show natural convection
while solidifying in the earth laboratory .... Obviously, this
would influence diffusion layers close to the solidification
front. To be able to separate the individual mechanisms a
reference experiment under microgravity could be particularly
valuable. In those cases, distinctions between various
convection-causing phenomena could be more easily established."
(2, p. 93)
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This Spacelab D1 experiment was the second in a series of inves-
tigations designed by Ecker et al. to study the low-gravity
solidification of a transparent material using holographic tech-
niques (see Ecker, TEXUS i0). The specific objective of the ex-
periment was to investigate the inter-dependencies of tempera-
ture, concentration, and fluid flow in the melt adjacent to the
solid-liquid interface.
The experimental cell (called GETS) was contained within the
Spacelab holographic optics laboratory, HOLOP. The cell was con-
figured with (i) two, 60 mm x i0 mm x 15 mm cuvettes (which con-
tained the sample materials), (2) six thermistors, (3) heating
foils and Peltier elements (for heating and cooling of the
samples), (4) an electronic circuit (for experiment control), and
(5) various interfaces to the HOLOP.
The HOLOP module was designed to produce holograms which allowed
the "...determination of phase shifts in the object beam evoked
by transparent objects placed into the beam." (4, p. 214) Double
exposure holograms produced by equipment within the module can
provide an interference fringe pattern which illustrates optical
density differences in the material system at two different ex-
posure times. Because the interference fringe density is propor-
tional to both the temperature and concentration changes between
the two exposures, thermistors are included in the experiment
cell to independently provide temperature data; thus, the con-
centration data can be resolved.
During the mission, two succinonitrile-ethanol sample mixtures (5
wt.% ethanol and 12 wt.% ethanol), contained within the cuvettes,
were directionally solidified during the experiment using a power
down process (fixed voltage for heaters, fixed currency for
Peltier). <Note: The inflight procedural parameters of the in-
vestigation (heating and cooling temperatures, heating and cool-
ing times, etc.) were not detailed in the available publica-
tions.>
It was reported that no results from this experiment were ob-
tained. "Due to a malfunction of the film transportation system
of the Hasselblad camera during the Mission, only 25 of the 85
planned holograms were taken. The evaluation of these holograms
after the Mission showed that even these 25 had not been ex-
posed." (4, p. 215) (See Reference (4) for a discussion of the
sources of this failure.)
The original objectives of the experiment could not be achieved
by evaluating the remaining documented experimental data
(thermistor voltage, Peltier element currents, heating strip cur-
rents, and video exposures). However, it was reported that
"...fluid flow was insignificant as expected and previously sug-
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gested by the TEXUS i0 experiment." (4, p. 215)
Some additional information concerning the experiment can be
found in the references below.
Key Words: Metals and Alloys, Transparent Liquids, Melt and
Solidification, Directional Solidification, Monotectic Composi-
tions, Model Materials, Solidification Front Physics, Interface
Phenomena, Interface Demarcation, Peltier Pulsing, Solid/Liquid
Interface, Boundary Layer, Heat and Mass Transfer, Solutal
Gradients, Thermal Gradient, Thermosolutal Convection, Diffusion,
Interferometric Measurement, Holography, Photographic Dif-
ficulties
Number of Samples: two
8ample Materialsz Two succinonitrile-ethanol mixtures: (I) 5 wt.%
ethanol and (2) 12 wt.% ethanol.
Container Materialsz glass, stainless steel, polyacetal
Experiment/Material Applications:
See Ecker, TEXUS i0.
The succinonitrile-ethanol mixtures (5 wt.% ethanol and 12 wt.%
ethanol) were selected because ,,...preparatory tests showed that
no relevant decomposition occurred at concentrations of less than
5 wt.% ethanol .... " (4, p. 215)
References/Applicable Publications:
(1) Ecker, A., Schmitz, G., and Sahm, P. R.: Experiment:
Grenzschichten in Erstarrenden Transparenten Schmelzen, (GETS).
In BMFT/DFVLR Scientific Results of the German Spacelab Mission:
D1, Abstracts of the D1-Symposium, Norderney, Germany, August 27-
29, 1986, pp. 102-105. (abstract only)
(2) Ecker, S. and Sahm, P. R.: Boundary Layers in Solidifying
Transparent Melts. In Scientific Goals of the German Spacelab
Mission D1, WPF, 1985, pp. 93-95. (preflight)
(3) Ecker, A. and Sahm, P. R.: Solidification Front Dynamics in
Model Systems. In Proceedings of the 4th European Symposium on
Materials Sciences Under Microgravity, Madrid, Spain, April 5-8,
1983, ESA SP-191, June 1983, pp. 331-336. (related research and
experiment setup)
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(4) Ecker, A., Schmitz, G. J., and Sahm, P. R.: Boundary Layers
of Solidifying Transparent Melts. In Proceedings of the Norder-
ney Symposium on Scientific Results of the German Spacelab Mis-
sion DI, Norderney, Germany, August 27-29, 1986, pp. 212-216.
(post-flight)
(5) Hamacher, H., Merbold, U., and Jilg, R.: Analysis of
Microgravity Measurements Performed During DI. In Proceedings of
the Norderney Symposium on Scientific Results of the German
Spacelab Mission DI, Norderney, Germany, August 27-29, 1986.
(post-flight; acceleration measurements)
(6) Input received from Principal Investigator A. Ecker, July
1988 and July 1993.
(7) Ecker, A., Frazier, D. O., and Alexander, J.I.D.: Fluid Flow
in Solidifying Monotectic Alloys. In Metallurgical Transactions
A, Vol. 20A, November, 1989, pp. 2517-2527. (Post-flight;
ground-based results)
(8) Ecker, A.: Two-Wavelength Holographic Measurement of Tempera-
ture and Concentration During Alloy Solidification. Journal of
Thermophysics and Heat Transfer, Volume 2, Number 3, July 1988,
pp. 193-196. (related research)
(9) Ecker, A., Frazier, D. O., and Alexander, J.I.D.: Class-
ification of Fluid Flow in Front of Solidifying Monotectic Al-
loys. In Proceedings VIIth European Symposium on Materials and
Fluid Sciences in Microgravity, Oxford, UK, September 10-15,
1989, ESA SP-295, January 1990, pp. 115-120. (related ground ex-
periments and KC-135 experiments)
(i0) Input received from S. Rex (ACCESS e. V. (Aachen Center for
Solidification in Space)), August 1993.
Contact(s):
Dr. Andreas Ecker
Senior Manager
Corporate Planning and Controlling
Space Strategies and Projects (KPC/A)
Daimler-Benz AG
70546 Stuttgart
Germany
Prof. Dr. P. R. Sahm
Giesserei-Institut der RWTH Aachen
D-52056 Aachen
Federal Republic of Germany
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Principal Investigator(s): Asahi National Broadcasting Company,
Ltd. (i)
Co-lnvestigator(s): Fujimoto, K. (2), Goans, M. (GSFC Technical
Manager) (3)
Affiliation(s): (i) Tokyo, Japan; (2) Asahi National Broadcasting
Company, Ltd., Tokyo, Japan; (3) National Aeronautics and Space
Administration (NASA), Goddard Space Flight Center (GSFC), Green-
belt, Maryland
Experiment Origin: Japan
Mission: STS Launch #13, STS-017 (STS 41-G, Challenger)
Launch Date/Expt. Date: October 1984
Launched From: NASA Kennedy Space Center, Florida
Payload Type: NASA Get Away Special (GAS) Canister G-032
Volume of Canister: 5 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-032: Nippon Electric Company
(NEC), Yokohama, Japan/Asahi National Broadcasting Company,
Tokyo, Japan
Processing Facility: Five small electrical furnaces
Builder of Processing Facility: Unknown, possibly Nippon Electric
Company, Yokohama, Japan
Experiment:
(i) Indium Antimony Crystal Production, (2) Lead Zinc Alloy
Production, and (3) Glass Composite Production
These three materials processing experiments were housed within
the G-032 Get Away Special Canister during STS-017. (A fourth
(fluids) experiment was also contained within G-032 during the
mission and is applicable to this data base (see Asahi, STS-017,
"Physics of Solids and Liquids" (Chapter 12)).) The materials
experiments were the first in a series of investigations designed
by Asahi National Broadcasting Company, Ltd. to study the low-
gravity processing of indium antimony crystals, lead-zinc alloys,
and glass composites.
Few details of these STS-017 materials processing experiments
could be located. The STS-017 press kit, which was released
prior to the launch of the STS-017 mission, briefly described the
experiment objectives, setup, and expected results. Reportedly,
the objective of the experiments was to "...produce five kinds of
new materials simultaneously in space. The formation of crystals
of three metal alloys and two glass composites in 5 small
electrical furnaces in weightlessness will be observed." (i, p.
23) Reference (4) indicates that the new materials to be
produced were "...a lead zinc alloy, a glass composite (or
ceramic) and crystals of an indium-antimony mixture." (4, p. 22).
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Reportedly, the materials science experiments went "smoothly" (4,
p. 25) No other publications could be found that further dis-
cussed specific experiment objectives, setup, or results.
<Note: References (1),(3), and (4) indicate that five small fur-
naces were used. Reference (2) indicates that three small fur-
naces were used.>
Key Words: Metals and Alloys, Glasses, Binary Systems, Melt and
Solidification, Ceramics, Solid/Liquid Interface, Sample
Microstructure
Number of Samples: five
Sample Materials: Indium-antimony, lead-zinc, and a glass com-
posite (or ceramic).
(In*Sb*, Pb*Zn*)
Container Materials: unknown
Experiment/Material Applications:
It was anticipated that low-gravity processing of the selected
samples would result in materials with unique properties.
References/Applicable Publications:
(I) NASA Space Shuttle Mission 41-G Press Kit, October 1984, p.
23. (preflight)
(2) Cargo Systems Manual: GAS Annex for STS 41-G, JSC-17645 41-G,
NASA JSC, 1984, September 4. (preflight)
(3) Shuttle Payload Creates Space Sculpture.
Space Technology, October 15, 1984, p. 21.
short description)
Aviation Week and
(post-flight, very
(4) Get Away Special... the first ten years. Published by God-
dard Space Flight Center, Special Payloads Division, the NASA GAS
Team, 1989, p. 22. (post-flight; very brief description)
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(5) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report, EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special Canister mission
history)
Contact(s):
Mr. Kazuo Fujimoto
c/o Video Engineering Dept.
Asahi National Broadcasting Co., Ltd.
6-4-10 Roppongi, Minato-Ku
Tokyo, 106
Japan
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Principal Investigator(s): Asahi National Broadcasting Company,
Ltd. (i)
Co-Investigator(s): Fujimoto, K. (2), Goans, M. (GSFC Technical
Manager) (3)
Affiliation(s): (i) Tokyo, Japan; (2) Asahi National Broadcasting
Company, Ltd., Tokyo, Japan; (3) National Aeronautics and Space
Administration (NASA), Goddard Space Flight Center (GSFC), Green-
belt, Maryland
Experiment origin: Japan
Mission: STS Launch #16, STS-023 (STS 51-D, Discovery)
Launch Date/Expt. Date: April 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: NASA Get Away Special (GAS) Canister G-035
Volume of Canister: 5 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-035: Nippon Electric Company
(NEC), Yokohama, Japan/Asahi National Broadcasting Company,
Tokyo, Japan
Processing Facility: Five small electrical furnaces
Builder of Processing Facility: Unknown, possibly Nippon Electric
Company, Yokohama, Japan
Experiment:
(1) Indium Antimony Crystal Production, (2) Lead-Zinc Alloy
Production, and (3) Glass Composite Production
These three materials processing experiments were housed within
the G-035 Get Away Special Canister during STS-023. (A fourth
(fluids) experiment was also contained within G-035 during the
mission and is applicable to this data base (see Asahi, STS-023,
"Physics of Solids and Liquids" (Chapter 12)).) The materials
experiments were the second in a series of investigations
designed by Asahi National Broadcasting Company, Ltd. to study
the low-gravity processing of indium-antimony crystals, lead
zinc alloys, and glass composites (see Asahi, STS-017). Specifi-
cally, the investigations were designed to "...produce five kinds
of new materials simultaneously in space." (i, p. 17)
The goals of this experiment were similar to that of the previous
experiment which flew on STS-017. The "...formation of crystals
of three metal alloys and two glass composites in five small
electrical furnaces will be observed." (i, p. 17) The new
materials to be produced were "...a lead-zinc alloy, a glass com-
posite, and an indium-antimony mixture." (3, p. 2-2)
No other publications could be found that further discussed the
specific experiment objectives, equipment setup, or post-flight
results.
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<Note: Reference (I) indicates that five small furnaces were
used. Reference (3) indicates that three small furnaces were
used.>
Key Words: Metals and Alloys, Glasses, Binary Systems, Melt and
Solidification, Ceramics, Solid/Liquid Interface, Sample
Microstructure
Number of Samples: five
Sample Materials: Indium-antimony, lead-zinc, and a glass com-
posite
(In*Sb*, Pb*Zn*)
Container Materials: unknown
Experiment/Material Applications:
See Asahi (in this chapter), STS 41-B, "(i) Indium Antimony Crys-
tal Production, (2) Lead-Zinc Alloy Production, and (3) Glass
Composite Production."
References/Applicable Publications:
(i) NASA Space Shuttle Mission 51-D Press Kit, April 1985, p. 17.
(very brief preflight summary)
(2) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special Canister mission
history)
(3) Cargo Systems Manual: GAS Annex for STS 51-D, JSC17645 51-D,
NASA JSC, 1985, March 20. (preflight)
Contact(s):
Mr. Kazuo Fujimoto
c/o Video Engineering Dept.
Asahi National Broadcasting Co., Ltd.
6-4-10 Roppongi, Minato-Ku
Tokyo, 106
Japan
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Principal Investigator(s}: Henderson, A. J., Jr. (1)
Co-Investigator(s): The Alabama Space and Rocket Center (2)
<Note: The Alabama Space and Rocket Center is now called The
U.S. Space and Rocket Center>, Buckbee, E. O. (Customer) (3),
Alabama A&M University (4)
Affiliation(s) : (1) At Proposal Stage (1978): Johnson High
School, Huntsville, Alabama, Interim: Alabama A&M University,
Huntsville, Alabama and the Alabama-Mississippi Section of the
American Institute of Aeronautics and Astronautics (AIAA), At
Time of Launch (STS-017) and Currently: National Aeronautics and
Space Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama; (2) Huntsville, Alabama; (3) The Alabama
Space and Rocket Center, Huntsville, Alabama; (4) Normal, Alabama
Experiment Origin: USA
Mission: STS Launch #13, STS-017 (STS 41-G, Challenger)
Launch Date/Expt. Date: October 1984
Launched From: NASA Kennedy Space Center, Florida
Payload Type: When Originally Proposed: High School Student Ex-
periment
NASA Get Away Special (GAS) Canister G-007
Volume of Canister: 5.0 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-007: The Alabama Space and Rocket
Center, Huntsville, Alabama
Processing Facility: Two miniature furnaces (lava cores wrapped
with nichrome wire)
Builder of Processing Facility: NASA Marshall Space Flight Cen-
ter, Huntsville, Alabama; Incon, Huntsville, Alabama; University
of Alabama at Huntsville
Experiment:
Solidification of Lead-Antimony and Aluminum-Copper Alloys
This STS-017 experiment was the first in a series of investiga-
tions designed by Henderson et al. to study the low-gravity
solidification of two hypereutectic alloys. (The experiment was
one of four investigations housed within the G-007 Get Away Spe-
cial canister during STS-017. One other experiment (of the four)
is applicable to this data base (see Lee, STS-017 (Chapter 8)).)
The specific objective of the experiment was to determine if the
low-gravity processed samples exhibited any differences in alloy
structure and strength when compared to similarly processed ter-
restrial samples.
Prior to the shuttle launch, one sample of lead-antimony and one
sample of aluminum cooper were prepared. It appears that each
sample was then placed in a separate furnace. Reference (i)
(written prior to the launch of the STS-017 mission) detailed the
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expected furnace setup:
The setup "...will house two small cylinders that will encompass
two miniature furnaces 4 1/2" H and 3/4" [d]iameter .... The wall
thickness of the cylinders are 1/16" thick. The melting furnaces
are made of lava cores and are wrapped with Nichrome wire (spring
coils). The alloy samples are centrally located in the middle of
each furnace core and can be heated to temperatures of up to
700 °C .... " (i, p. 113) It appears both of these
cylinder/heater/sample assemblies were configured inside one in-
ternally insulated aluminum cylinder.
The 8-hour experiment was to be performed when the shuttle ex-
hibited a "very low" gravity level (e.g., a sleeping period of
the crew). It was expected that (i) the samples would be heated
to 700 °C (using a 28 V dc supply), and (2) a data acquisition
and control unit associated with the experiment would measure
operating temperatures, control the two furnaces, and perform
other related tasks.
It was reported "that because of an operational error... [G-007]
was not activated as scheduled. Consequently, no experimental
data were acquired. A careful postflight analysis revealed no
evidence of anomalies within the canister and plans were
developed for a reflight on a subsequent shuttle mission." (3, p.
225) (See Henderson, 61-C for details of the subsequent shuttle
experiment.)
Key Words: Metals and Alloys, Binary Systems, Hypereutectics,
Melt and Solidification, Solid/Liquid Interface, Sample
Microstructure, Material Strength, Acceleration Effects, Sample
Not Processed As Planned
Number of Samples: two
Sample Materials: (i) lead-antimony and (2) aluminum-copper
(Pb*Sb*, Al*Cu*)
Container Materials: Unclear, appears to have been aluminum.
(AI*)
Experiment/Material Applications:
See Henderson, STS-032.
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References/Applicable Publications:
(1) Henderson, A. J., Jr.: Project Explorer: Get Away Special
#007. In Getaway Special Experimenter Symposium, NASA Goddard
Space Flight Center, August 1-2, 1984, pp. 111-117, NASA CP-2324.
(preflight)
(2) Henderson, A. J., Jr.: Project Explorer's Unique Experiments:
Get Away Special #007. In Goddard Space Flight Center's Getaway
Special Experimenter's Symposium, October 8-9, 1985, pp. 125-131,
NASA CP-2401. (post STS-41-G, pre 61-C)
(3) Kitchens, P. H.: GAS-007: First Step in a Series of Explorer
Payloads. In NASA Goddard Space Flight Center's 1986 Getaway
Special Experimenter's Symposium, October 7-8, 1986, pp. 223-232,
NASA CP-2438. (post-flight)
(4) Cargo Systems Manual: GAS Annex for STS 41-G, JSC-17645 41-G,
September 4, 1984. (short description; preflight)
(5) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR 87-11, October 2, 1987. (Get Away Special canister mission
history)
(6) NASA STS 41-G Press Kit, October 1984. (preflight)
(7) Input received from K. K. Dannenberg (U.S. Space and Rocket
Center), July 1993.
(8) Input received from Principal Investigator A. J. Henderson,
Jr., August 1993.
Contact(s):
Arthur J. Henderson, Jr.
EH42
NASA Marshall Space Flight Center
Huntsville, AL 35812
Edward Buckbee or Konrad Dannenberg
The U.S. Space and Rocket Center
One Tranquility Base
Huntsville, AL 35805-3399
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Principal Investigator(s): Henderson, A. J., Jr. (1)
Co-Investigator(s): The Alabama Space and Rocket Center (2)
<Note: The Alabama Space and Rocket Center is now called The
U.S. Space and Rocket Center>, Buckbee, E. O. (Customer) (3),
Alabama A&M University (4)
Affiliation(s): (1) At Proposal Stage (1978): Johnson High
School, Huntsville, Alabama, Interim: Alabama A&M University,
Huntsville, Alabama and the Alabama-Mississippi Section of the
American Institute of Aeronautics and Astronautics (AIAA), At
Time of Launch (STS-032) and Currently: National Aeronautics and
Space Administration (NASA), Marshall Space Flight Center (MSFC),
Huntsville, Alabama; (2) Huntsville, Alabama; (3) The Alabama
Space and Rocket Center, Huntsville, Alabama; (4) Normal, Alabama
Experiment Origin: USA
Mission: STS Launch #24, STS-032 (STS 61-C, Challenger)
Launch Date/Expt. Date: January 1986 <Note: The experiment was
originally scheduled (and ready) to fly on an earlier shuttle
mission in June 1985 on the orbiter, Discovery.>
Launched From: NASA Kennedy Space Center, Florida
Payload Type: When Originally Proposed: High School Student Ex-
periment
NASA Get Away Special (GAS) Canister G-007R
Volume of Canister: 5.0 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-007R: The Alabama Space and Rocket
Center, Huntsville, Alabama
Processing Facility: Two miniature furnaces (lava cores wrapped
with nichrome wire/spring coils)
Builder of Processing Facility: NASA Marshall Space Flight Cen-
ter, Huntsville, Alabama; Incon, Huntsville, Alabama; University
of Alabama at Huntsville
Experiment:
Study of Solidification of Alloys in Zero-G
This experiment was one of four investigations housed within the
G-007 Getaway Special Canister during STS-032. (One other ex-
periment (of the four) is applicable to this data base (see Lee,
STS-032 (Chapter 8)).)
The experiment was the second in a series of investigations
designed by Henderson et al. to study the low-gravity solidifica-
tion effects of two hypereutectic alloys (see Henderson, STS-
017). The major objective of the experiment was to determine if
the low-gravity processed samples exhibited any differences in
alloy structure and properties when compared to similarly
processed terrestrial samples. Secondary objectives included
determining "(1) whether any nitrides might be formed by leakage
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of gas into the samples and (2) the special surface effects ap-
plicable during solidification." (3, p. 226)
Prior to the shuttle launch, one sample of lead-antimony and one
sample of aluminum-copper were prepared. <Note: The Principal
Investigator reported that the aluminum copper sample
"accidentally turned out to 'actually be' lead-antimony".> Each
sample was then placed in its own furnace (oven #i and oven #2)
within a sealed, insulated, aluminum cylinder. These two minia-
ture cylinders were housed inside a larger aluminum canister
measuring 15" high and 6 1/2" in diameter.
During the mission, the two small samples were (i) heated from
ambient temperature to a temperature above their respective
eutectic temperatures, (2) "temperature controlled briefly," and
(3) allowed to solidify. A data acquisition and control unit
(DAQ2-K) associated with the experiment reported time, measured
operating temperatures, controlled the furnaces, and performed
other related tasks.
The Principal Investigator provided a more detailed discussion of
the experimental setup and inflight procedures:
"The furnaces were made of lava cores 4 i/2"...[high and 3/4" in
diameter] wrapped with Nichrome wire (spring coils). The lava
cores could be heated-up to 800 degrees Celsius. Temperatures
above 800 degrees caused a furnace melt-down and an eventual
heater short. The power was supplied to the heaters via a 28 V
DC battery supply." (12)
"This experiment had no apparent mechanical failures during the
flight. At approximately 5:45 PM, Monday, January 13, 1986, oven
#2 began .... [O]ven #2 ([containing the] proposed aluminum-
copper sample) [had a] furnace set point... [of] 706 degrees Cel-
sius. The temperature of the sample reached a maximum of 676 de-
grees Celsius, before dropping to a 15 minute regulated tempera-
ture of 636 degrees Celsius as programmed. Run #i ran for 2
hours [and] 30 minutes total- before shut-down, recording the
final sample temperature (after cool-down) at 176 degrees Cel-
sius. The oven #2 surface temperature reached a maximum of 33
degrees Celsius. Target peak temperatures... [were] achieved.
"At approximately 4:32 PM, Tuesday, January 14, 1986, oven #i
began. [The] Oven #i (lead-antimony sample) furnace set-point
was at 501 degrees Celsius. The temperature of the sample
reached a maximum of 464 degrees Celsius, before dropping to a 20
minute regulated temperature of 441 degrees Celsius, as
programmed. Run #2 ran for 2 hours, [and] 15 minutes total-
before experiment shut-down, recording a final sample temperature
(after cool-down) at 106 degrees Celsius. The oven #i surface
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temperature reached a maximum of 17 degrees Celsius.
get peak temperatures... [were] achieved." (12)
Again, tar-
It was reported that "Several primary payloads [not including
this one] on this Shuttle mission failed, so the mission was ter-
minated early to avoid a potential weather problem at landing.
This GAS can was commanded off after 3 days into the mission
during deorbit preparations, and thus some experiment objectives
were impacted. The nominal plan was 5 days of operation. As it
turns out, the orbiter remained in orbit another 2 days because
of weather anyway." (6, p. 36)
Preliminary analysis of the experimental payload indicated that
both samples "...cooled, from the end of the temperature-
regulation period to the phase-transition point (solid-liquid
equilibrium line), at a rate of approximately 11-12 degrees C per
minute." (3, p. 227)
Reportedly, at the time Reference (3) was published, the data
were still being analyzed. The Principal Investigator provided
the following summary of the results:
"Postflight results for this experiment uncovered several benefi-
cial unknowns. Apparently during preflight preparations, a mis-
take was made with the aluminum-copper sample. The aluminum cop-
per sample was not flown, as planned. Two lead-antimony samples
were flown instead. This mistake had to occur due to a last
minute rush.
"Oven #2 lead-antimony sample exhibited the best results overall,
thanks to a little serendipity. During solidification, due to
the higher temperature reached, a truly unique homogeneous
nucleation phase was achieved. [The sample].., produced an
evenly dispersed antimony material throughout the lead-based
matrix. Moreover, nitrides appeared to be formed around the sur-
face of the sample where it was originally attached or came into
contact with the alumina crucible walls. The density differences
did not caused a separation due to gravity, as predicted.
"Oven #I lead antimony sample also demonstrated a unique
homogeneous nucleation phase. However, it was not as pronounced
as the Oven #2 sample.
"Therefore in conclusion and in comparison, the lead-antimony
samples conducted in a l-g environment did not demonstrate that a
homogeneous nucleation phase could occur. The gravity-based
studies exhibited the opposite results. Antimony tended to rise
up around the top of the crucible walls. Yet the lead-based
matrix tended to settle around the bottom of the crucible due to
gravity and density differences.
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"Also, observed in the ground-based studies, samples exhibited
air pockets and large areas of porosity within the melts,
whereas, no cavities of the sort were noticed in the microgravity
samples.
"GAS #0007R experiment ran successfully during [the] STS... 61-C
flight. The best available microgravity conditions were suffi-
cient to compare low-gravity processed samples to earth-gravity
processed samples.
"Furthermore, Henderson still advocates the need to refly his ex-
periment to validate his initial results [and] to prove that the
same results can be repeated, as well as, proposing another
flight to evaluate the aluminum-copper species." (12)
Key Words: Metals and Alloys, Binary Systems, Eutectics, Hyper-
eutectics, Melt and Solidification, Density Differences, Separa-
tion of Components, Buoyancy Effects Diminished, Solid/Liquid In-
terface, Growth Rate, Homogeneous Nucleation, Nucleation, Disper-
sion, Dispersion Alloys, Sample Microstructure, Surface Morphol-
ogy, Porosity, Cavity, Crucible Effects, Material Interaction
With Containment Facility, Gas Leakage, Material Strength, Super-
plastics, Space Structures, Processing Time Not As Long As
Planned
Number of Samples: two
Sample Materials: lead-antimony
(Pb*Sb*)
Container Materials: alumina
(AI*O*)
Experiment/Material Applications:
Lead-antimony material in its eutectic structures should possess
superplastic properties which makes it amenable for various
defense related motor case structures and liners.
Aluminum-copper material in its eutectic structures should have
improved structural properties which lends itself to more space
related buss structures, as well as, numerous other commercial
and government related high-strength light weight applications.
(Reference (12))
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(4) Cargo Systems Manual: GAS Annex for STS 41-G, JSC-17645 41-G,
September 4, 1984. (short description; preflight)
(5) Get Away Special... the first ten years. Published by God-
dard Space Flight Center, Special Payloads Division, The NASA GAS
Team, 1989, p. 34. (post-flight; very short description)
(6) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR 87-11, October 2, 1987, p. 36_ (Get Away Special canister
mission history)
(7) NASA Press Kit, STS 61-C, December 1985. (preflight)
(8) Stluka, E.: STS-61 C, Columbia Flight Final Report. In NASA
Goddard Space Flight Center's 1986 GAS Experimenter's Symposium.
(9) The National Technical Association's 55th Annual Convection,
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Contact(s):
Arthur J. Henderson, Jr.
EH42
NASA Marshall Space Flight Center
Huntsville, AL 35812
Edward Buckbee or Konrad Dannenberg
The U.S. Space and Rocket Center
One Tranquility Base
Huntsville, AL 35805-3399
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Principal Investlgator(s): Rex, S. (1), Sahm, P. R. (2)
Co-Investlgator(s): None
Affiliation(s): (I) During Spacelab DI: Giesserei-Institut der
RWTH Aachen, Federal Republic of Germany, Currently: ACCESS e.V.
(Aachen Center for Solidification in Space), Germany; (2)
Giesserei-Institut der RWTH Aachen, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, M E D E A Double Rack
Processing Facility: Gradient Furnace with Quenching (GFQ)
Builder of Processing Facility: Dornier Friedrichshafen, Germany
Experiment:
Solidification Front Convection CMD-GFQ 02)
Thermosolutal convection is caused by constitutional buoyancy of
a lighter phase in conjunction with the concentration profile im-
mediately ahead of the solid/liquid interface. It was expected
that this convection would not occur under low-gravity conditions
if the correct processing parameters were selected.
This Spacelab D1 experiment was designed to study low-gravity,
thermosolutal convection near the solid/liquid boundary of a
directionally solidifying AI-Mg alloy. The specific objective of
the investigation was to determine the effect of the solutal con-
vection on the segregation behavior of the alloy. The selection
of the employed processing parameters was based on the work of
S. R. Coriell (see Reference (5)).
Prior to the shuttle flight, two AI-0.3 wt.% Mg rods were
prepared. The materials were cast in an inert atmosphere and un-
derwent subsequent mechanical operations. Each sample was then
plasma-spray coated with a I00 micron thick AI203-MgO ceramic
film and packed into a MgO powder "soft crucible" (0.3 mm thick).
The crucible/sample was contained within a hermetically sealed,
He filled steel cartridge. A boron-nitride cone was placed at
the top of each sample to compensate for the expected volume in-
crease. Four thermocouples, placed in a ceramic tube, were lo-
cated in a central bore of each sample.
During the mission, each sample was partially melted and direc-
tionally solidified in the Gradient Furnace "with Quenching unit"
(GFQ). Approximately 27% of the total sample length was direc-
tionally solidified under steady state conditions. A growth
velocity of 0.37 to 0.40 mm/min and a thermal gradient of 12.95
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to 13.38 K/mm were reported. The remainder of the remelted
sample was then solidified by the application of a water spray,
resulting in a quench rate of approximately 40 K/mm. This
quenching process allowed preservation of the concentration
profile ahead of the solid/liquid interface.
It was reported that one of the cartridges was damaged when
removed from the furnace. "The analysis of the sample show[ed]
that, due to sintering of the powder crucible the liquid aluminum
alloy contacted the cartridge walls, resulting in lowering its
melting temperature. Thus the cartridge was destroyed at the
position of contact between sample and [Boron-Nitride]-cone .... "
(5, p. 225)
Post-flight analysis of the undamaged sample was performed using
X-ray, metallographic, and microprobe techniques. <Note: The
available publications did not detail the results of the broken
sample.> X-ray analysis revealed no porosity throughout the
sample length. However, there was a 7 mm diameter shrinkage hole
at the top. No detaching of the sample from the ceramic skin was
detected.
Metallographic examination revealed a planar solidification front
with no cellular growth of the crystal. It was, therefore, con-
cluded that "...the temperature gradient achieved in the experi-
ment in front of the growing crystal appeared to fulfill the G/v-
criterion [gradient/velocity criterion determined by stability
diagram of S. R. Coriell]." (5, p. 226) (See Reference (5) for
the stability diagram and complete discussion.) Microprobe
determination of the longitudinal concentration profile and com-
parison of this data with similar l-g processed samples indicated
that purely diffusive controlled growth conditions occurred in
the low-gravity processed samples.
Key Words: Metals and Alloys, Binary Systems, Melt and
Solidification, Directional Solidification, Thermal Gradient,
Solutal Gradients, Plasma Spray Coating, Thin Films, Coated Sur-
faces, Ceramics, Thermosolutal Convection, Marangoni Convection,
Buoyancy Effects, Buoyancy Effects Diminished, Segregation, Dif-
fusion, Diffusive Mass Transfer, Diffusion-Controlled Growth,
Heat and Mass Transfer, Concentration Distribution, Sintering,
Solid/Liquid Interface, Planar Solidification Interface, Steady-
State Solidification, Quench Process, Growth Rate, Interface
Shapes, Solidification Front Physics, Cellular Morphology,
Porosity, Sample Microstructure, Crucible Effects, Material In-
teraction with Containment Facility, Wetting of Container, Volume
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Compensation, Volume Change, Sample Shrinkage, Deterioration of
Samples After Low-G Flight
Number of Samples: two
Sample Materials: AI-0.3 wt.% Mg
(AI*Mg*)
Container Materials: Each sample was plasma-spray coated with a
100 micron thick AI203-MgO ceramic film and packed into a MgO
powder "soft crucible" (0.3 mm thick). The crucible/sample was
contained within a hermetically sealed, He filled steel
cartridge. A boron-nitride cone was placed at the top of each
sample to compensate for the expected volume increase.
(AI*O*Mg*O*)
Experlment/Material Applications:
The final properties of a solidified melt are dependent on the
heat and mass transport mechanisms active during crystallization.
In order to control the final microstructure, these mechanisms
must be distinguished. On Earth, thermal fluctuations, Marangoni
convection, and constitutional buoyancy (of the lighter segregat-
ing phase) result in convective mixing. Solidification under
low-gravity conditions allows the separation and examination of
these effects.
An AI-Mg alloy was selected for this experiment because direc-
tional solidification experiments (and the corresponding con-
centration profile determination) had been performed prior to
this study. Thus, comparison data already existed. The Mg con-
tent of the alloy was selected according to morphological and
convective stability criteria determined by S. R. Coriell (see
Reference (5)).
References/Applicable Publications:
(i) Rex, S. and Sahm, P. R.: Experiment Estarrungskonvection. In
BMFT/DFVLR Scientific Results of the German Spacelab Mission D1,
Abstracts of the D1-Symposium, Norderney, Germany, August 27-29,
1986, p. 73. (abstract only; post-flight)
(2) Rex, S. and Sahm, P. R.: Solidification Front Convection. In
Scientific Goals if the German Spacelab Mission D1, WPF, 1985,
pp. I00-i01. (preflight)
14-161
(3) Sahm, P. R. and Rittich, M.: The Solidification Point Volume
Increment in Solidification Front Dynamics. Adv. Space Res., Vol.
3, No. 5, 1983, p. 103. (related research; preflight)
(4) Sahm, P. R. and Tensi, H. M.: Adv. Space Research, i, 1984,
p. 97. (preflight)
(5) Rex, S. and Sahm, P. R.: Planar Front Solidification of AI-Mg
Alloy-Crystallization Front Convection. In Proceedings of the
Norderney Symposium on Scientific Results of the German Spacelab
Mission DI, Norderney, Germany, August 27-29, 1986, pp. 222-230.
(post-flight)
(6) Rex, S. and Sahm, P. R.: Thermosolutal Convection and Macro-
segregation in an Alloy Directionally Solidified Under Reduced
Gravity. In Proc. of the 3rd Int. Conference ,,Solidification
Processing 1987," September 21-24, 1987, Sheffield, UK, The
Inst. of Metals, London 1988, Book 421, pp. 102-103. (post-
flight)
(7) Input received from Principal Investigator, S. Rex, August
1989 and August 1993
Contact(s):
Dr. S. Rex
ACCESS e.V.
(Aachen Center for Solidification in Space)
Intze Str. 5
D-52072 Aachen
Germany
Prof. Dr. P. R. Sahm
Giesserei-Institut der RWTH Aachen
D-52056 Aachen
Germany
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Principal Investigator(s): Larson, D. J., Jr. (1)
Co-Investlgator(s): None
Affillation(s): (1) Grumman Aerospace Corporation, Bethpage, New
York
Experiment Origin: USA
Mission: STS Launch #24, STS-032 (STS 61-C, Columbia)
Launch Date/Expt. Date: January 1986
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Payload Bay/Materials Science Laboratory (MSL-
2) (The MSL-2 was attached to the Mission Peculiar Equipment
Support Structure (MPESS))
Processing Facility: Automated Directional Solidification Furnace
(ADSF-2 high temperature version). Each of the four furnaces
within the ADSF had its own translation mechanism, platinum-
rhodium heating element, adiabatic zone and quench block.
Builder of Processing Facility: Originally built by General
Electric (GE) Corporation for the SPAR sounding rocket program;
refurbished by GE, NASA Marshall Space Flight Center, Huntsville,
Alabama, and Teledyne Brown Engineering, Huntsville, Alabama
Experiment:
Directional Solidification of Magnetically Aliqned CoSm Com-
posites (ADSF-2)
This investigation was the third in a series of experiments
designed by Larson to study the directional solidification of
magnetic composites in the space environment (see Larson, ASTP,
STS-025). <Note: Larson's other solidification experiments can
be found in Chapter 17 "Systems Exhibiting a Miscibility Gap".>
During the mission, the high temperature version of the Automated
Directional Solidification Furnace (ADSF-2) was employed to
process Co-Sm off-eutectic and peritectic magnetic composites.
Directional solidification of the Co-Sm system was to complement
earlier Bi-Mn studies which examined the role of convection in
the resultant microstructure.
Post-flight analysis of the furnace ampoules indicated that only
"...one of the four Co-Sm samples reached temperature and a por-
tion of it was solidified directionally. The other samples were
unmelted and, as a result will give no scientific return." (2, p.
v)
Analysis efforts centered on the 21.7 wt.% Sm sample which was
partially solidified. Reportedly, the sample typically lost 3.5
to 4.0 wt.% Sm during the processing "...due to the vaporization
and reaction with the ampoule walls and residual atmosphere." (2,
p. 29) "The telemetry record for the partially processed sample
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shows that it was equilibrated for 45 min at 1500 °C, that direc-
tional solidification was then initiated and continued for 2.05
hr, that the sample was then held stationary approximately 2.5
hr, and that it was then furnace cooled. As a consequence, the
sample was partially solidified directionally and then solidified
by gradient freeze and subsequent furnace (radial) cooling. The
microstructure reflected the sequential nature of the solidifica-
tion process; however, the solute redistribution
(macrosegregation) appeared continuous. In addition, the mor-
phologies seemed to indicate substantially greater interfacial
undercooling than was documented in the ground-based studies ....
"The undercooled sequence consisted of primary dendrite nuclea-
tion of the hypereutectic Co phase, rather than the equilibrium
Co 7Sm phase, secondary nucleation of COl7Sm 2 dendrites andi_ 2
rapld growth of an undercooled rod eutectlc followed, with a
course dendritic structure in the last regions to solidify and in
the regions where ripening has occurred. The relative amounts of
the phases changed with bulk composition, but the structures were
otherwise similar. The amount of undercooling was surprising in
light of the fact that a proeutectic single crystal of COl7Sm 2
was in direct contact with the melt.
"The sample was found to be free of porosity and exhibited a
fully developed meniscus on the "hot" end, rather than the flat-
tened meniscus typical of ground processing. The meniscus region
provided an extraordinary opportunity to assess surface morphol-
ogy, solidification mechanism, and solute redistribution. An in-
termediate dendritic case was documented for the first time,
having both nonfaceted and faceted attributes." (2, p. v-vi) A
more detailed discussion of this assessment of the surface mor-
phology can be found in Reference (2), p. 38.
Key Words: Metals and Alloys, Binary Systems, Magnetic Com-
posites, Eutectics, Hypereutectics, Faceted Eutectics, Peritectic
Reaction, Melt and Solidification, Directional Solidification,
Bridgman Technique, Translation Rate, Thermal Gradient, Thermo-
solutal Convection, Macrosegregation, Solutal Gradients, Under-
cooling, Solid/Liquid Interface, Interface Shapes, Meniscus
Shape, Solidification Front Physics, Sample Microstructure, Sur-
face Morphology, Nucleation, Dendrites, Dendritic Solidification,
Dendritic Structure, Rod Structure, Platelet Habit, Single Crys-
tals, Porosity, Vaporization, Crucible Effects, Material Interac-
tion with Containment Facility, Sample Not Processed As Planned
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Number of Samples: four
Sample Materials: Four cobalt-samarium composites: two of off-
eutectic composition (Co-21.7 wt.% Sm) and two of peritectic com-
position (Co-26.5 wt% Sm)
(Co*Sm*)
Container Materials: Each cartridge consisted of an outer AI203
ampoule and an inner pyrolized boron nitride sample ampoule
(AI*O*, B.N*)
Experiment/Material Applications:
The study of Co-Sm eutectic, off-eutectic and peritectic magnetic
composites complimented earlier Bi-Mn studies by Larson because
"o Each is a high-performance binary magnetic composite
o Each is a faceted/nonfaceted rod eutectic
o Each rod eutectic undergoes a morphological transition to a
platelet morphology.
"The systems are different in that:
o The Co-Sm system distributes a soft magnetic phase in a hard
magnetic phase rather than vice versa
o The Co-Sm system disperses a nonfaceted phase in a faceted
matrix, the opposite of the Bi-Mn eutectic
o The Co/CoA7Sm 2 is a high volume, rather than low-volume, frac-
tion eutectlc
o The Co/COl7Sm 2 morphological transition is initiated chemically
rather than kinetically
o Both Co-Sm phases contract on solidification whereas Bi expands
and MnBi contracts." (2, p. 23)
See also Larson, STS-025.
References/Applicable Publications:
(i) Space Shuttle Mission 61-C, NASA Press Kit, December 1985, p.
14. (short description; preflight)
(2) Larson, D. J., Jr. and Dressler, B. S.: Shuttle Mission 61-C
Experiment MPS77FO75 Final Flight Sample Characterization Report.
Report RE-756, October 1988, Grumman Corporate Research Center,
45 pp. (post-flight)
(3) Materials Processing Experiments in Space: MSL-2 Payload.
Document developed by Teledyne Brown Engineering under the Direc-
tion of the Application Payload Projects Office, Marshall Space
Flight Center, pp. 1-2, and 7-8. (MSL-2 and processing facility)
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(4) Space Shuttle Mission 51-G. NASA Press Kit, June 1985, p.
22. (used to determine applications of experiment)
(5) Larson, D. J., Jr. and Thompson, B. S.: Co-Sm Solidification.
Research Report RE- Volume 3, Solid State Physics Research Direc-
torate, Grumman Corporate Research Center, Bethpage, New York,
Final Report on Experiment MPS77F075, 65 pp. (post-flight)
(6) Input received from Principal Investigator D. Larson, August
1993.
Contact(s):
Dr. David J. Larson, Jr.
Research Center A01-26
Grumman Corporation
Bethpage, NY 11714-3580
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Principal Investigator(s): Bruce, L. C. (1)
Co-Investigator(s): Morril, V. (Teacher/Advisor) (2), McDonnell
Douglas (Sponsor) (3), Chong, D. (Experiment Advisor) (4)
Affiliation(s): (1) Prior to STS-26: Sumner High School, St.
Louis, Missouri, During STS-26: University of Missouri, St.
Louis, Missouri, Currently: UNISYS, St. Louis, Missouri; (2) Sum-
ner High School, St. Louis, Missouri; (3) St. Louis, Missouri;
(4) McDonnell Douglas, St. Louis, Missouri
Experiment Origin: USA
Mission: STS Launch #26, STS-26 (Discovery)
Launch Date/Expt. Date: September 1988
Launched From: NASA Kennedy Space Center, Florida
Payload Type: High School Student Experiment, Shuttle Student In-
volvement Program (SSIP), Middeck Experiment
Processing Facility: A titanium alloy wire, contained within a
partially evacuated tube, was melted by resistance heating
(passing an electric current through the wire).
Builder of Processing Facility: McDonnell Douglas, St. Louis,
Missouri
Experiment:
Effects of Weiqhtlessness on Grain Formation and Strenqth in Met-
als (SE82-4)
This STS-26 experiment was designed to determine the effects of
low-gravity processing on the crystal grain reorganization of a
titanium-aluminum-vanadium alloy. It was expected that space-
processed samples would exhibit larger crystalline grains and in-
creased alloy strength.
Four, 20-millimeter wire samples of a "Ti-6AI-4V (Ti-64)" alloy
were chosen for the experiment. Two of the samples were 5 inches
long, the other two were 2.5 inches long. During the experiment,
the wires were resistance heated "...to either just above the
melting temperature (1660 °C) (the shorter wires) or just above
the beta transus (i000 °C) of the material (the longer wires)."
(3, p. 4) (Reportedly, "At a temperature of 882 degrees C, the
titanium-aluminum alloy crystal lattice network undergoes a
metamorphosis from closely packed hexagonal crystals (alpha
phase), to body-centered cubic crystals (beta phase)." (2, p.
36))
The space samples were compared with similar ground-based
solidification efforts. Both space and ground-based shorter
wires that melted illustrated heavy oxidation. "All these wires
[space and ground] had broken during the performance of the ex-
periment. The cross-sectional shapes changed from a round shape
to... [a]... flattened shape .... The wire expanded during heat-
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ing, and because it was constrained.., it twisted and deformed in
the process. The heavily oxidized material broke brittlely
before melting .... " (3, p. 13) Both space and ground-based
longer wires had little or no oxidation. "The lower temperature
allowed the formation of an alpha case, but there was no
embrittlement of the wire through the cross section." (3, p. 19).
Reportedly, "The results of the experiment indicate that there is
no difference between processing the titanium wire in space or on
earth. The following observations were also made. There is an
inadequate vacuum in the double... [Pyrex TM] tubes in which the
wires were supposed to melt. This lead to an oxidation of the
very high temperature wires. Large grains were seen in the Ti-64
wire specimens as a result of the time that the wire was held in
the beta region. Mechanical properties could not be determined
because of insufficient material. All of these results are
specific for the titanium wire and are not indicative of what
would happen to other forms of titanium." (3, p. i)
More details of the sample analysis can be found in Reference
(3).
Key Words: Metals and Alloys, Ternary Systems, Melt and
Solidification, Resistance Heating, Solid/Liquid Interface, Grain
Structure, Grain Size, Sample Microstructure, Homogeneity, Oxida-
tion, Coated Surfaces, Volume Expansion, Sample Deformation,
Mechanical Strength, Material Strength, Vacuum, Processing Dif-
ficulties
Number of Samples: four
Sample Materials: filament (wire) samples of a titanium-aluminum-
vanadium alloy
(Ti*AI*V*)
Container Materials: Pyrex TM tubes
Experiment/Material Applications:
If crystalline reorganization of the alloy results in larger
grain size, a stronger, lightweight metal may be produced.
Titanium alloy Ti-6AI-4V (Ti-64) "...was chosen for the experi-
ment because of its wide-spread applications in the aerospace in-
dustry. Ti-64 is important because of its relatively low density
and elevated melting temperature, Ti-64 was also chosen because
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of its dimorphic nature, i.e., at 885 °C... titanium undergoes an
allotropic transformation from a hexagonal close-packed structure
(alpha phase) to a body-centered cubic (beta phase)." (3, p.3)
References/Applicable Publications:
(i) Report to Educators. NASA Publication,
Vol. 16, Number 3, Summer/Fall 1988, p. 5.
Volume 16, No. 2,
(preflight)
(2) NASA Marshall Space Flight Center Space Shuttle Mission STS-
26 Press Kit, September 1988, pp. 36-37. (preflight)
(3) Shuttle Student Involvement Project: The Effects of Weight-
lessness on Grain Formation and Strength in a Metal. McDonnell
Douglas Missile Systems Company, St. Louis, Missouri, MDC E3449.
(post-flight)
(4) Input received from Experiment Investigator, August 1989 and
July 1993.
(5) The Effect of Microgravity on Grain Formation and Strength in
Metals. In Shuttle Student Involvement Program (SSIP) Final
Reports on Experiments Flown, NASA/JSC Internal Note, JSC 24005,
October 20, 1989. (post-flight)
Contact (s) :
Lloyd Bruce
UNISYS Co.
55 West Port Plaza
Suite 300
St. Louis, MO 63146
Dr. Diane Chong
c/o McDonnell Douglas
P.O. Box 516
Mail Stop 1022137
St. Louis, MO 63166-0516
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CHAPTER 15
PHYSICAL CHEMISTRY
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Principal Investigator(s): Merkel, G. A. (1)
Co-Investigator(s): Economou, S. (Teacher/Sponsor) (2)
Affiliation(s): (1) During Skylab: Wilbraham and Monson Academy,
Springfield, Massachusetts, Currently: Corning, Inc., Coming,
New York; (2) Wilbraham and Monson Academy, Springfield, Mas-
sachusetts
Experiment Origin: USA
Mission: Skylab Program
Launch Date/Expt. Date: Not applicable. Although this investiga-
tion was originally chosen as a Skylab student experiment, the
low-gravity research was never performed on the mission because
"Skylab... [was] unable to to provide the absolutely stable
operating site for the time periods up to 1 month that the ex-
periment... [required]."(1, p. 12-86)
Launched From: Not applicable
Payload Type: Skylab Student Project, High School Student Experi-
ment, Skylab Manned Environment
Processing Facility: Copper sulfate crystal immersed in a con-
stant temperature liquid
Builder of Processing Facility: Not applicable
Experiment:
Brownian Motion (ED75)
Colloidal particles, suspended (for example) in a liquid medium,
often vibrate erratically. This vibratory, erratic motion, known
as Brownian motion, occurs because the colloidal particles are
subjected to unbalanced molecular impacts by the liquid
molecules.
The objective of this Skylab student experiment was to study
Brownian motion under low-gravity conditions. It was proposed
that a crystal of colored salt (copper sulphate) be held in place
at the bottom of a graduated cylinder filled with a constant tem-
perature liquid. As the crystal dissolved, periodic photographs
would be made. If undisturbed, the color would migrate
throughout the cylinder by Brownian motion.
Although the experiment was initially selected as a candidate in-
vestigation for the Skylab mission, it was determined prior to
the flight that "Skylab... did not provide a perfectly stable
platform for such an experiment. Maneuvers to maintain or change
the orientation of the vehicle due to pumps, fans, and other
machinery all produced small accelerations that would have
precluded the satisfactory performance of... [the]... experi-
ment." (2, p. 92) Thus, the experiment was not performed.
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<Note: See McGee, Skylab (Chapter i) for a more detailed descrip-
tion of colloidal suspensions.>
Key Words: Physical Chemistry, Brownian Motion, Collisions,
Solid/Liquid Collision, Colloidal Chemistry, Particle Motion,
Particle Dispersion, Particle Mobility, Suspension of Particles,
Dissolution, Diffusion, Salt Crystals, Solvent, Mass Transfer,
Solid/Liquid Interface, Accelerations/Vibrations Produced by On-
board Equipment, Acceleration Effects, Sample Not Processed As
Planned
Number of Samples: not applicable
Sample Materials: copper-sulfate
(Cu*S*)
Container Materials: not applicable
Experiment/Material Applications:
"Such an experiment is a classical high school demonstration of
the kinetic theory of matter .... " (2, p. 91)
References/Applicable Publications:
(i) "Brownian Motion (ED75)." In MSFC Skylab Mission Report-
Saturn Workshop, Skylab Program office, George C. Marshall Space
Flight Center, Alabama, NASA TM X-64814, October 1974, pp. 12-86.
(2) Skylab, Classroom in Space, edited by Summerlin, L. B.,
SP-401, 1977, pp. 89-92.
NASA
Contact(s):
Gregory A. Merkel
Corning Inc.
Ceramic Research Department
Mail Stop SP-DV-1-9
Corning, NY 14831
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Principal Investigator(s): Otto, G. H. (i), Lacy, L. L. (2)
Co-Investigator(s): None
Affiliation(s): (1) During Skylab: University of Alabama,
Huntsville, Currently: Deutsche Forschungsanstalt f_r Luft-und
Raumfahrt (DLR)-K61n, Germany; (2) During Skylab: NASA Marshall
Space Flight Center (MSFC), Huntsville, Alabama, Currently: B. J.
Services Company, Research & Technology Center, Tomball, Texas
Experiment Origin: USA/Federal Republic of Germany
Mission: Skylab, SL-3, Second Manned Mission
Launch Date/Expt. Date: September 1973 (month experiment was
completed)
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Science Demonstration, Skylab Manned Environment
Processing Facility: Food storage refrigerator, scopedex pill
dispenser
Builder of Processing Facility: Not Applicable
Experiment:
Ice Melting (SDI6- TVIII)
This Skylab science demonstration was designed to simulate low-
gravity, containerless, materials-melting. The specific objec-
tive of the experiment was to visibly study a melting process not
governed by gravity-driven convective flows.
During the Skylab SL-3 mission, a plastic, cylindrical pill con-
tainer (30 mm diameter by 75 mm long) was filled with drinking
water. An astronaut "...shook the water to the point where it
did not have any bubbles to speak of in the solid mass." (i, p.
i) The water was frozen using the onboard food freezer. (A
wooden cotton swab was included in the container to provide sup-
port for the ice.) After freezing, the cylinder of ice was
removed from the pill container and the ice was weighed.
Reportedly, there were 39.7 +/- 0.2 grams of ice available for
melting. The ice, which was mounted so the cylinder could melt
freely, was placed beside a ruler, thermometer and timer (all of
which was in the field of view of a 16 mm camera). The camera
was used to photograph the melting process approximately every i0
minutes (22 photographs total).
The low-gravity experiment was duplicated on Earth using the same
experimental conditions (75% 02, 25% N2) and temperature (78 °F,
25.5 °C). During the ground-based experiment, the melted water
wa_ collected in a beaker and the volume measurements (+/- 0.i
cm ) were made every 5 minutes. This allowed an accurate deter-
mination of the accumulative heat input to the material.
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Initial post-flight examination of the returned photographs
indicated:
(i) The total melting time of the ice cylinder was 190 +/- 5
minutes. (The total melting time of the identical Earth-based
cylinder was 130 +/- 2 minutes.)
(2) In space, the cylindrical ends melted first while the
diameter of the cylinder remained approximately constant.
(3) The water from these melting ends was driven onto the
cylindrical surfaces by surface tension.
(4) The overall shape progressed from cylindrical to spherical
with an intermediate, nearly ellipsoidal form. The spherical
shape became evident at about half the melting time when the
water totally surrounded the remaining ice.
Dimensional analysis of the ice was performed using the returned
photographs. It was reported by the investigator that the
photographs were slightly out of focus. Therefore the determina-
tion of the solid/liquid interface was not very accurate. The
accuracy of the data was estimated to be about 10%. The volumes
of the ice and water, as a function of time, were determined. "It
should be mentioned that the change in volume of ice or water
with time is a smooth non-linear curve for the ground experiment,
whereas it is a linear function of time for the skylab experiment
(t > 70 min)." (i, p. 3) These curves were used to calculate the
total heat flow into the ice (using the heat of fusion of 79.8
cal/gram and the known mass and volume of the ice). The in-
dividual heat inputs to the ice from radiation, conduction, and
convection were theoretically calculated for both ground-based
and low-gravity experiments (see Reference (i) for details of
these calculations). The sum of these values was then compared
to (i) the calculated values from the photographs of the flight
experiment and (2) the volume measurements from the ground-based
experiment.
It was reported that, for the ground-based experiment, the
theoretical and experimental values of total heat flow into the
ice agree to within 6% over the duration of melting. "Therefore,
since both values agree, it can be concluded from these calcula-
tions that, for the ground-based melting, the total heat flow is
achieved by 55% convection, 38% radiation, 7% conduction." (i, p.
6)
For the Skylab experiment, "An accurate record of the quantita-
tive analysis for the first i0 min of melting... [was]... not
available [no photographs were taken during this time]. However,
very good data of volumes... [were]... obtained for t > 50 min up
to the total melting time." (i, p. 6) Comparison of the
theoretical calculation of heat flow to those determined from the
experiment (t > 60 min) indicated no contribution from convec-
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tion. Therefore, it was concluded that in the low-gravity ex-
periment the latent heat of melting was supplied by 81% radiation
and 19% conduction.
Two major conclusions were reported:
(i) As illustrated in the Skylab demonstration, surface tension
effects are important during low-gravity containerless melting.
(2) On Earth, convection is the dominant heat transfer mechanism
(for supply of latent heat of melting); in space, radiation is
the dominant heat transfer mechanism.
Key Words: Physical Chemistry, Phase Transition, Ice, Freezing,
Melting (Without Resolidification), Containerless Melt, Con-
tainerless Processing Applications, Transparent Liquids, Model
Materials, Surface Tension, Surface Energy, Free Surface,
Sphericity, Heat Transfer, Heat of Fusion, Radiation, Conduction,
Convection, Buoyancy-Driven Convection, Buoyancy Effects
Diminished, Bubbles, Bubble Removal, Solid/Liquid Interface,
Liquid/Gas Interface, Photographic Difficulties
Number of Samples: one
Sample Materials: water from Skylab drinking water dispenser;
wooden cotton swab
Container Materials: not applicable
Experiment/Material Applications:
"The ice/water system was selected because of the availability of
the necessary materials onboard, the negligible impact on the
mission, the ready availability of all significant data, and the
good visibility of the solid/liquid interface which represented a
transparent furnace." (i, p. i)
Information from this experiment provided knowledge of container-
less melting and heat transfer in the absence of convective flow.
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References/Applicable Publications:
(1) Otto, G. H. and Lacy, L. L.: Observations of the
Liquid/Solid Interface in Low-Gravity Melting. In American In-
stitute of Aeronautics and Astronautics and American Geophysical
Union, Conference on Scientific Experiments of Skylab,
Huntsville, Alabama, October 30-November i, 1974, AIAA, 8 pp.
(NASA supported research, post-flight)
(2) Otto, G. H. and Lacy, L. L.: Observation of the Liquid Solid
Interface in Low Gravity Melting. In Material Sciences in Space
with Applications to Space Processing, AIAA Progress Series in
Astronautics and Aeronautics, Edited by Leo Steg, Vol. 52, p.
483, 1977. (post-flight)
(3) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of the Measurement and Charac-
terization of the Acceleration Environment on Board the Space
Station, August 11-14, 1986, Guntersville, Alabama, p. 9-1.
(acceleration measurements)
(4) Naumann, R. J. and Herring, H. W.:
tion. In Materials Processing in Space:
SP-443, p. 87. (post-flight)
Ice Melting Demonstra-
Early Experiments, NASA
(5) TVlll-Ice Melting. In MSFC Skylab Corollary Experiment Sys-
tems, Mission Evaluation, NASA TM X-64820, September 1974, pp. 7-
39 - 7-43. (post-flight)
(6) Bannister, T. C.: Skylab III and IV Science Demonstrations
Preliminary Report, NASA TM X-64835, March 1974, pp. 4-6. (post-
flight)
(7) Otto, G. H. and Lacy, L. L.: The Liquid/Solid Interface in
Low Gravity Melting. In Scientific Investigations on the Skylab
Satellite, AIAA Progress Series in Astronautics and Aeronautics,
Vol. 48, p. 455, 1976. (post-flight, short description)
(8) Naumann, R. J. and Mason, E. D.: Ice Melting. In Summaries
of Early Materials Processing in Space Experiments, NASA Techni-
cal Memorandum NASA TM-78240, August 1979, p. 38. (post-flight)
(9) Ice Melting. In MSFC Skylab Mission Report- Saturn Workshop,
NASA TM X-64814, October 1984, pp. 12-88.
(i0) Input received from Principal Investigator G. H. Otto, July
1989 and August 1993.
(ii) MSFC Science Demonstrations Performed by Pilot J. Lousma on
Skylab 3. Quick Look Report, November 5, 1973, NASA Marshall
Space Flight Center, Space Sciences Laboratory.
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Contact (s) :
Dr. G_nther H. Otto
DLR
Linder H6he
D-51147 K61n
Germany
Dr. Lewis L. Lacy
B. J. Services Company, U.S.A.
Research & Technology Center
11211 FM 2920
Tomball, TX 77375
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Principal Investigator(s): Ehrhardt, J. (I)
Co-Investigator(s): None
Affiliation(s): (1) During TEXUS 1: Battelle Institut Frankfurt,
Federal Republic of Germany; Currently: Retired
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 1
Launch Date/Expt. Date: December 1977
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-2:
electrolytic cell
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Dispersion Electrolysis
During the electrodeposition of a dispersion, the powdered, non-
metallic phase (the phase to be dispersely embedded) must be
suspended in an electrolyte. On Earth, processing difficulties
may occur (i) due to the large (gravity-induced) density dif-
ferences between the particles and electrolyte or (2) when the
cathode, which is to receive the dispersion layer, has a
geometrically complicated shape (resulting in an uneven embedment
of particles). Low-gravity electrodeposition experiments (i)
will allow investigation of deposition mechanisms without
gravitational influence and (2) may permit plating of surfaces
with complicated shapes. <Note: See Reference (5) for a
detailed discussion of the electrodeposition process; see also
Riley, Consort 1 (in this chapter) for related experiments.>
This TEXUS 1 experiment was the first in a series of investiga-
tions designed by Ehrhardt et al. to study the low-gravity
electrodeposition of a dispersed material.
The experiment was performed in an electrolytic cell configured
in the TEXUS Experiment Module TEM 06-2. The cell contained (i)
a Ni(NH2SO3)2,4H20-based electrolyte, (2) a suspended phase of
(approxlmately 0.3 micron diameter) AI203 alumina powder, (3) a
Ni anode and (4) a "profiled" Au cathode.
During the ascent phase of the rocket flight, the electrolyte was
to be stirred to prevent settling of the alumina particles. Once
low-gravity conditions were achieved, the electrolysis process
was initiated without stirring.
During the low-gravity experiment, both the metal ions (from the
electrolyte) and the dispersed non metallic particles moved
towards the cathode and were embedded into the depositing layer.
15-10
Reportedly, a 5 micron thick Ni-AI203 layer was electro-co-
deposited on the Au cathode. (2) This deposited layer contained
several cracks, the extent of which increased with decreasing
current density. Concentration of the AI203 particles in the
deposited layer was lower than anticipated. This result was at-
tributed to a fault in the stirring unit (which occurred during
the ascent phase). Further, the electric current efficiency was
10% less than on Earth (more hydrogen was formed) but the throw-
ing power of the electrolyte was higher." (2)
"The corrosion resistance of the layer deposited under
microgravity conditions was much higher. It was thus
demonstrated that it is possible to perform electro-deposition
experiments under microgravity conditions and to investigate the
incorporation of particles in the absence of buoyancy-driven con-
vection and sedimentation." (6, p. 90)
Key Words: Physical Chemistry, Electrodeposition, Codeposition,
Electrocodeposition, Dispersion Layers, Thin Films, Coated Sur-
faces, Plating, Substrates, Electric Field, Cathode, Anode,
Electrodes, Electrolyte Solution, Ionic Solution, Electrolysis,
Powders, Particle Dispersion, Homogeneous Dispersion, Particle
Mobility, Particle Motion, Particle Distribution, Suspension of
Particles, Stirring of Components, Shear Forces, Density Dif-
ference, Concentration Distribution, Buoyancy-Driven Convection,
Buoyancy Effects Diminished, Sedimentation, Hydrogen Formation,
Bubbles, Bubble Formation, Cracks, Corrosion, Surface Morphology,
Metallic Matrix, Solid/Liquid Interface, Superconductivity, Con-
tained Fluids, Launch-Induced Fluid Motion, Hardware Malfunction
Number of Samples: one
Sample Materials: nickel anode, gold cathode, Ni(NH2SO3)2,4H20
(Ni-sulfamate) electrolyte, alumina particles (A1203)
(Ni*, Au*, Ni*N*H*S*O*, AI*O*)
Container Materials: stainless steel coated with PTFE
(polytetra fluoroethylene)
Experiment/Material Applications:
Non-metallic dispersions within a metallic matrix can improve the
properties of the parent metal. Depending on the nature of the
metallic matrix and dispersion materials, electro-deposited com-
posite materials can have significantly improved (i) high-
temperature stability, (2) corrosion resistance, (3) wear resis-
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tance, (4) sliding capacity (lubrication), and/or (5) supercon-
ductivity.
References/Applicable Publications:
(i) Ehrhardt, J.: Dispersion Electrolysis Under Zero Gravity Un-
der Spacelab Rocket Program Texus I--A Spacelab Experiment
Feasibility Study. BMFT-FB-W-79-30. (in German)
(2) Ehrhardt, J.: Dispersionselektrolyse unter Schwerelosigkeit;
Forschungsbericht W 79-90 des BMFT. (in German)
(3) Ehrhardt, J.: Versuche zur elekrolytischen Metallabscheidung
unter Schwerelosigkeit; Galvanotechnik, 72 (1981) i, pp. 13-18.
(in German)
(4) Input received from Experiment Investigator, July 1988 and
July 1993.
(5) Ehrhardt, J.: Investigations into the Electrodeposition of
Dispersion Layers Under Zero-G-Conditions. In Translation of
BMFT Report BMFT-FB-W-77-11, ESA Document ESA-TT-574, November
1979. (discussion of electrodeposition, does not discuss TEXUS
experiments)
(6) Dispersion Layers by Electrodeposition. In Summary Review of
Sounding Rocket Experiments in Fluid Science and Materials
Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA SP-I132, February
1991, pp. 90-91. (post-flight)
Contact(s):
J. Ehrhardt
Currently Retired
Previous Work Address:
Battelle Institut e.V.
Postfach 900160
D-60441
Frankfurt/Main 90
Germany
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Principal Investigator(s): Ehrhardt, J. (i)
Co-Investigator(s): None
Affiliation(s): (1) During TEXUS 4: Battelle Institut Frankfurt,
Federal Republic of Germany; Currently: Retired
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 4
Launch Date/Expt. Date: May 1981
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-5:
electrolytic cell
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Dispersion Electrolysis
This TEXUS 4 experiment was the second in a series of investiga-
tions designed by Ehrhardt et al. to study the low-gravity
electrodeposition of a dispersed material (see Ehrhardt, TEXUS
i). The specific objectives of the experiment were to (i) deter-
mine if under low-gravity conditions the dispersed particles (a)
coagulate or (b) drift separately toward the cathode (as they do
on Earth) and (2) understand fully those electrodeposition
mechanisms which would permit improvement of ground-based
processes. <Note: See Riley, Consort 1 (in this chapter) for a
related experiment.>
The experiment was performed in an electrolytic cell configured
in the TEXUS Experiment Module TEM 06-5. The cell contained (i)
a Ni-sul famate electrolyte, (2) a suspended phase of
(approximately 0 3 micron diameter) AI203 particles, (3) a Ni
anode, and (4) an Au cathode. (These materials were the same as
those used during the TEXUS 1 Mission.) The data recorded during
the flight included (I) the electric current through the cell,
(2) the gas pressure variations, and (3) the temperature varia-
tions. A new stirring device (improved after TEXUS i) was
employed.
During the electrolytic process, (I) hydrogen bubbles formed at
the cathode and (2) a 7 micron thick layer of Ni-AI203 was
deposited at the cathode under reduced gravity conditions.
Reportedly, The layer contained a more homogeneous distribution
of particles than was achieved during ground-based studies.
Results from a later experiment (see Ehrhardt, TEXUS 7) led to
the conclusion that the formation of bubbles during the TEXUS 4
experiment helped to prevent coagulation of the alumina par-
ticles. "...the single particles which were co-deposited with
the Ni layer were detached from loosely coagulated particles by
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motions in the electrolyte induced by the formation of hydrogen
bubbles." (3, p. 94)
The low-gravity, deposited layer "...also had a higher density
than the 7-9... [micron]... thick layer obtaine_ on Earth, which
had a surface density of... 4000[particles]/cm_- In addition,
the layer deposited in space was almost amorphous and was much
less prone to corrosion by artificial sea water than the layer
deposited on Earth. In the latter, the Ni grains were large
enough to exhibit crystalline behavior." (3, p. 92) Due to con-
tamination of the gold plated cathode surface (prior to launch),
good adhesion between the substrate and deposited material was
not achieved.
Reportedly, the low-gravity current efficiency of the deposition
process was reduced by about 10% from the l-g current efficiency.
<Note: It appeared that this reduction in current efficiency was
caused by the hydrogen bubble formation. It also appeared that
the particles drifted separately toward the cathode (without
prior coagulation) during the rocket experiment.>
Key Words: Physical Chemistry, Electrodeposition, Codeposition,
Electrocodeposition, Dispersion Layers, Thin Films, Coated Sur-
faces, Plating, Substrates, Electric Field, Cathode, Anode,
Electrodes, Electrolyte Solution, Ionic Solution, Electrolysis,
Powders, Particle Dispersion, Homogeneous Dispersion, Particle
Mobility, Particle Motion, Particle Distribution, Suspension of
Particles, Coagulation, stirring of Components, Shear Forces,
Density Difference, Buoyancy-Driven Convection, Sedimentation,
Hydrogen Formation, Bubbles, Bubble Formation, Corrosion, Surface
Morphology, Amorphous Materials, Grain Size, Contamination
Source, Metallic Matrix, Solid/Liquid Interface, Superconduc-
tivity, Contained Fluids
Number of Samples" one
Sample Materials: nickel anode, gold cathode, nickel-sulfamate
electrolyte, alumina particles, AI203
(Ni*, Au*, AI*O*, Ni*N*H*S*O*)
Container Materials: stainless steel coated with PTFE
(polytetra fluoroethylene)
Experiment/Material Applications:
See Ehrhardt, TEXUS i.
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References/Applicable Publications:
(1) Ehrhardt, J.: Dispersionselectrolyse unter Schwerelosigkeit
im Spacelab-Vorprogramm TEXUS 4. Final Report 01 QV 219-AK-SN/A-
SLN 7910-5, DFVLR/BPT, April 1982. (in German)
(2) Input received from Experiment Investigator, July 1988 and
July 1993.
(3) Dispersion Electrolysis. In Summary Review of Sounding
Rocket Experiments in Fluid Science and Materials Sciences, TEXUS
1 to 20, MASER 1 and 2, ESA SP-I132, February 1991, pp. 92-95.
(post-flight)
Contact(s):
J. Ehrhardt
Currently Retired
Previous Work Address:
Battelle Institut e.V.
Postfach 900160
D-60441
Frankfurt/Main 90
Germany
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Principal Investigator(s): Ehrhardt, J. (1)
Co-Investigator(s): Walter, G. (2)
Affiliation(s): (1) During TEXUS 7: Battelle Institut Frankfurt,
Federal Republic of Germany, Currently: Retired; (2) Battelle In-
stitut Frankfurt, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 7
Launch Date/Expt. Date: May 1983
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-5:
electrolytic cell
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Dispersion Electrolysis
This TEXUS 7 experiment was the third in a series of investiga-
tions designed by Ehrhardt et al. to study the low-gravity
electrodeposition of a dispersed material (see Ehrhardt, TEXUS i,
TEXUS 4). The specific objective of the experiment was to deter-
mine whether dispersed phase particle transport is dominated by
electrophoresis or diffusion. <Note: See Riley, Consort 1 (in
this chapter) for a related experiment.>
The experiment was performed in an electrolytic cell configured
in the TEXUS Experiment Module TEM 06-5. The cell contained (i)
a Ni-sulfate electrolyte, (2) a suspended phase of AI203 par-
ticles, (3) a Ni anode, and (4) a gilt brass cathode. (Except
for the brass cathode, these materials were the same as those
employed during the TEXUS 1 and TEXUS 4 experiments.)
A discussion of the TEXUS 7 experimental procedure is reported in
Reference (i). <Note: A translated version of this Reference was
not available to aid in the preparation of this experiment sum-
mary.>
Post-flight, it was reported that an 8 micron thick layer
(primarily composed of Ni) was deposited on the cathode (i)
without codeposition of H 2 bubbles and (2) without any contamina-
tion. A current efficiency of 98% was achieved. Unexpectedly,
almost no AI203 particles (except for a few largely built
agglomerates) were embedded in the well-bonded, crack-free layer.
(Such agglomerates are observed during Earth-processing.)
It was also reported that, since the cathode surface in this ex-
periment was free from contaminations and therefore free from H 2
bubbles, the formation of bubbles during the earlier TEXUS 4 ex-
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periment helped prevent coagulation of the alumina particles.
"...in the previous experiment [TEXUS 4], the single particles
which were co-deposited with the Ni layer were detached from
loosely coagulated particles by motions in the electrolyte in-
duced by the formation of hydrogen bubbles." (3, p. 94). (See
Ehrhardt, TEXUS 4 for further discussion of the hydrogen
bubbles.)
It was concluded that ,,...electrophoresis is not the dominating
force of the [particle] transport..." since (i) the time avail-
able for the experiment was too short (340 seconds) to allow the
diffusion of the agglomerates and (2) only a few agglomerates
were embedded in the Ni layer.
Key Words: Physical Chemistry, Electrodeposition, Codeposition,
Electrocodeposition, Dispersion Layers, Thin Films, Coated Sur-
faces, Plating, Substrates, Electric Field, Cathode, Anode,
Electrodes, Electrolyte Solution, Ionic Solution, Electrolysis,
Powders, Particle Dispersion, Particle Mobility, Particle Motion,
Particle Distribution, Suspension of Particles, Particle Ag-
glomeration, Adhesion of Metals, Electrophoresis, Coagulation,
Diffusion, Density Difference, Buoyancy-Driven Convection,
Sedimentation, Corrosion, Surface Morphology, Metallic Matrix,
Solid/Liquid Interface, Superconductivity, Contained Fluids
Number of Samples: one
Sample Materials: nickel anode, gold-cathode, nickel sulfate
electrolyte, alumina particles, AI203
(Ni*, Ag*, AI*O*, Ni*S*O*)
Container Materials: stainless steel coated with PTFE
(po lytetra fluoroethyl ene)
Experiment/Material Applications:
See Ehrhardt, TEXUS i.
References/Applicable Publications:
(I) Ehrhardt, J.: Dispersionselectrolyse unter Schwerelosigkeit
im Spacelab vorprogramm TEXUS 7; Final Report 01 QV 219-AK-SN/A-
SLN 7910-5, DFVLR/BPT, November 1983. (in German)
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(2) Input received from Experiment Investigator, July 1988 and
July 1993.
(3) Dispersion Electrolysis. In Summary Review of Sounding
Rocket Experiments in Fluid Science and Materials Sciences, TEXUS
1 to 20, MASER 1 and 2, ESA SP-I132, February 1991, pp. 94-95.
(post-flight)
Contact(s):
J. Ehrhardt
Currently Retired
Previous Work Address:
Battelle Institut e.V.
Postfach 900160
D-60441
Frankfurt/Main 90
Federal Republic of Germany
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Principal Investlgator(s): Ehrhardt, J. (1)
Co-Investlgator(s): None
Affiliatlon(s): (1) During TEXUS 9: Battelle Institut Frankfurt,
Federal Republic of Germany, Currently: Retired
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 9
Launch Date/Expt. Date: May 1984
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-5:
electrolytic cell
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Dispersion Electrolysis
This TEXUS 9 experiment was the fourth in a series of investiga-
tions designed by Ehrhardt et al. to study the low-gravity
electrodeposition of a dispersed material (see Ehrhardt, TEXUS i,
TEXUS 4, TEXUS 7).
Previous low-gravity experiments in this investigative series in-
dicated that (i) coagulation of particles had prevented their co-
deposition in an electrolytically deposited metallic layer and
(2) particle separation could be achieved by application of a
weak shear stress (stirring). Therefore, the objective of this
experiment was to verify that particle separation could be
achieved by the application of weak shear stress. <Note: see
Riley, Consort 1 (in this chapter) for a related experiment.>
The experiment was performed in an electrolytic cell configured
in the TEXUS Experiment Module TEM 06-5. The cell contained (i)
a Ni-sulfate electrolyte, (2) a suspended phase of AI203 par-
ti_les (60 g/l, 0.3 mlcron), (3) a 30 cm z Ni anode, and 44) a i0
cm _ disk-shaped gilt brass cathode.
The TEXUS 9 experiment was performed in two phases. First,
electrodeposition took place without stirring of the electrolyte;
second, electrodeposition took place while the electrolyte was
gently stirred.
It was reported that during the first phase of the experiment
the particles coagulated and no single particles were available
for co-deposition. However, during the second stirred phase,
single particles were incorporated in the deposited Ni layer.
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It was concluded that under low-gravity conditions, "...a weak
shearing force is sufficient to release single particles from
non-compact coagulates for galvanic co-deposition." (3, p. 96)
<Note: At the time this experiment summary was prepared, a pub-
lication (written in English) which described the quality of the
deposited layers resulting from either phase of the experiment,
could not be located.>
Key Words: Physical Chemistry, Electrodeposition, Codeposition,
Electrocodeposition, Dispersion Layers, Thin Films, Coated Sur-
faces, Plating, Substrates, Electric Field, Cathode, Anode,
Electrodes, Electrolyte Solution, Ionic Solution, Electrolysis,
Powders, Particle Dispersion, Particle Mobility, Particle Motion,
Particle Distribution, Suspension of Particles, Stirring of Com-
ponents, Shear Forces, Coagulation, Density Difference, Buoyancy-
Driven Convection, Sedimentation, Corrosion, Surface Morphology,
Metallic Matrix, Solid/Liquid Interface, Superconductivity, Con-
tained Fluids
Number of Samples: one
Sample Materials: nickel anode, gilt brass cathode, Ni-sulfate
electrolyte, alumina particles, AI203
(Ni*, Au*, Ni*S*O*, AI*O*)
Container Materials: stainless steel coated with PTFE
(polytetra fluoroethylene)
Experiment/Material Applications:
See Ehrhardt, TEXUS i.
References/Applicable Publications:
(i) Ehrhardt, J.: Dispersionselectrolyse unter Schwerelosigkeit
im Rahmen von TEXUS 9. Final Report 01 QV 014-AK/SN DFVLR/BPT,
November 1984. (in German)
(2) Input received from Experiment Investigator, July 1988 and
July 1993.
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(3) Dispersion Electrolysis. In Summary Review of Sounding
Rocket Experiments in Fluid Science and Materials Sciences, TEXUS
1 to 20, MASER 1 and 2, ESA SP-I132, February 1991, pp. 96-97.
(post-flight)
Contact(s):
J. Ehrhardt
Currently Retired
Previous Work Address:
Battelle Institut e.V.
Postfach 900160
D-60441
Frankfurt/Main 90
Federal Republic of Germany
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Principal Investigator(s): Raub, C. J. (1), Wospernov, W. (2)
Co-Investigator(s): Unknown
Affillatlon(s) : (1,2) Forschungsinstitut fur Edelmetalle,
Schw_bisch Gm_nd, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 1
Launch Date/Expt Date: December 1977
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-2 (experiment
celi containing (1) a half gold-plated Pt cathode, (2) a copper
anode, and (3) a Na2SO 4 water solution).
Builder of Processiig Facility: Unknown
Experiment:
Cathodic Hydrogen Formation
This TEXUS 1 experiment was the first in a series of investiga _
tions designed by Raub to study low-gravity hydrogen bubble gen-
eration on a cathode surface. It was anticipated that in the ab-
sence of the gravity-induced buoyancy forces, hydrogen bubbles
formed on the surface of a cathode would remain on the surface.
If this phenomenon occurred, a film of hydrogen would be created
which would completely isolate the electrode.
The investigation was performed in an experimental cell housed
within the TEXUS Experiment Module TEM 06-2. The cell contained
(i) a half gold-plated Pt cathode, (2) a copper anode, and (3) a
Na2SO 4 water solution. During the mission, the hydrogen gener-
ation on the cathode was observed with a cine camera as a poten-
tial was imposed across the anode and cathode.
It was reported that while under low-gravity conditions (i) the
bubbles which formed on the gold and platinum surfaces during the
TEXUS mission were smaller than those formed under l-g condi-
tions, (2) the generated hydrogen bubbles remained in front of
the cathode surface but did not isolate the electrode, (3)
hydrogen, copper, and copper oxide were deposited on the cathode
surface, (4) the potential drop through the cell (at a constant
current) was constant during the study indicating the electrolyte
films formed between the bubbles were still conducting, and (5) a
small amount of motion of the bubble agglomerates was attributted
to either (a) surface tension driven convection induced by local
heating caused by the illumination system or (b) residual ac-
celerations of the rocket.
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Key Words: Physical Chemistry, Electrodeposition, Thin Films,
Coated Surfaces, Electric Field, Conduction, Cathode, Anode,
Electrolysis, Electrodes, Electrolyte Solution, Transparent Liq-
uids, Aqueous Solutions, Hydrogen Formation, Bubbles, Bubble For-
mation, Particle Agglomeration, Buoyancy Effects, Surface
Tension-Driven Convection, Marangoni Convection, Thermocapillary
Convection, Solid/Liquid Interface, Illumination System, Con-
tained Fluids, Thermal Environment More Extreme Than Predicted,
Acceleration Effects
Number of Samples: one
Sample Materials: (i) a half gold-plated Pt cathode, (2) a copper
anode, and (3) a Na2SO 4 water electrolyte solution
(Pt*, Cu*, Ha*S*O*)
Container Materials: unknown
Experiment/Material Applications:
Available English publications did not detail (i) the reasons why
these materials were chosen for the experiment or (2) the
specific research applications of the experiment.
References/Applicable Publications:
(i) Wospernov, W. and Raub, C. J.: Electrolytical Hydrogen Gener-
ation Under Zero Gravity. Hydrogen Bubble Experiment in the
TEXUS 1 Project. BMFT-Fb-W-79-31, 36 pp. (in German; post-
flight)
(2) Wospernov, W. and Raub, C. J.: Electrolytic Hydrogen Evolu-
tion in the Absence of Gravity. Zeitschrift fuer Flugwis-
senschaften und Weltraumforschung, Vol. 2, September-October
1978, pp. 341-345. (in German; presumably discusses TEXUS 1
results)
(3) Electrolytic Hydrogen Formation. In Summary Review of Sound-
ing Rocket Experiments in Fluid Science and Materials Sciences,
TEXUS 1 to 20, MASER 1 and 2, ESA SP-I132, February 1991, pp. 84-
85. (post-flight)
Contact(s):
Dr. C. J. Raub
Forschungsinstitut f_r Edelmetalle und Metallchemie
Katherinenstrasse 17
D-7070 Schwabisch-Gm_nd
Germany
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Principal Investigator(s): Raub, C. J. (i)
Co-Investigator (s) : Unknown
Affiliation(s) : (i) Forschungsinstitut f_r Edelmetalle,
Schw_bisch Gm_nd, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 6
Launch Date/Expt Date: May 1982
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-7 (experiment
cell containing (1) a half gold-plated Pt cathode, (2) a copper
anode, and (3) a Na2SO 4 water solution).
Bullder of Processing Facility: Unknown
Experiment:
Cathodic Hydroqen Formation/Bubble Electrolysis
This TEXUS 6 experiment was the second in a series of investiga-
tions designed by Raub to study low-gravity hydrogen bubble gen-
eration on a cathode surface (see Raub, TEXUS i). The specific
objectives of the investigation were to observe (i) the nuclea-
tion, growth, and coalescence of bubbles on a cathode and (2) the
passivation of the electrode (the condition in which the reaction
is impeded by an adsorbed surface film on the electrode).
The investigation was performed in an experimental cell housed
within the TEXUS Experiment Module TEM 06-7. The cell contained
(I) a half gold-plated Pt cathode, (2) a copper anode, and (3) a
Na2SO 4 water solution. During the mission, the hydrogen gener-
atlon on the cathode was observed with a cine camera.
It was reported that bubble formation was observed on both the Au
and Pt portions of the electrode. Growth of the bubbles was
largest during the initial stages of the experiment because of
supersaturation during and just after nucleation. Bubble size
was attributed to cathode material. <Note: This dependence of
bubble size on cathode material was not further discussed.>
After a bubble separated from the electrode, its bubble size
decreased due to dissolution of hydrogen in the electrolyte.
Neither a potential drop across the cell nor passivation of the
electrode was observed indicating that the electrolytic process
under low-gravity conditions may be viable.
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Key Words: Physical Chemistry, Electrodeposition, Thin Films,
Coated Surfaces, Electric Field, Conduction, Cathode, Anode,
Electrolysis, Electrodes, Transparent Liquids, Aqueous Solutions,
Electrolyte Solution, Hydrogen Formation, Bubbles, Bubble Forma-
tion, Bubble Growth, Bubble Nucleation, Bubble Coalescence, Dis-
solution, Supersaturation, Solid/Liquid Interface, Buoyancy Ef-
fects, Contained Fluids
Number of Samples: one
Sample Materials: (i) a half gold-plated Pt cathode, (2) a copper
anode, and (3) a Na2SO4-water electrolyte solution
(Pt*, Cu*, Na*S*O*)
Container Materials: unknown
Experiment/Material Applications:
See Raub, TEXUS i.
References/Applicable Publications:
(i) Wospersnov, W. and Raub, C. J.: Electrolytic Hydrogen Evolu-
tion in the Absence of Gravity. In Zeitschrift fuer Flugwis-
senschaften und Weltraumforschung, Vol. 2, September-October
1978, pp. 341-345. (in German; presumably discusses TEXUS 1
experiment)
(2) Electrolytically Generated Hydrogen Bubbles. In Summary
Review of Sounding Rocket Experiments in Fluid Science and
Materials Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA SP-I132,
February 1991, p. 86. (post-flight)
Contact(s):
Dr. C. J. Raub
Forschungsinstitut f6r Edelmetalle undMetallchemie
Katherinenstrasse 17
D-7070 Schw_bisch-Gm_nd
Germany
15-25
PrlncIpal Investigator(s): Mix, G. (1)
Co-Investigator(s): None
Affiliation(s): (1) Institut fur Werkstofftechnologie der Fach-
hochschule Kiel (F. H. Kiel), Kiel, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 2
Launch Date/Expt. Date: November 1978
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-2
Builder of Processing Facility: TEM 06-2: ERNO, Bremen, Germany
<Note: The Principal Investigator reported that the "Master Form"
was built by Institut fur Werkstofftechnologie der Fachhochschule
Kiel (F. H. Kiel), Kiel, Germany. However, it was not clear (to
the editors of this document) to what "Master Form" refers.>
Experiment:
Electrochemical Corrosion
The corrosion of a material within an electrolytic solution is
influenced significantly by the transport of substances through
the electrolyte. Because this transportation is influenced by
the amount of convection within the electrolyte, the measurement
of the electrochemical process is also effected. Under low-
gravity conditions, it was expected that convection would be
reduced and the effect on the corrosion of the electrodes could
be discerned.
This TEXUS 2 experiment was designed to investigate the influence
of convection on electrochemical corrosion. The specific objec-
tives of the experiment were to study
(i) the influence of gravity on the marginal current and the
resulting effects on (a) the thickness of the adherent boundary
layer and (b) the convection behavior.
(2) "...comparative experiments with viscosity-increasing
additives to the electrolyte.
(3) "...the fundamental usefulness of reference electrodes for O-
g experiments. (i, p. 133)
The experiment was performed in the TEXUS Experiment Module TEM
06-2. The module was configured with two electrolytic cells (150
ml each). Each cell contained (i) two electrolytic copper
electrodes (12.82 cm 2, corroded for several days in a KCl
solution) and (2) l-m KCI solution (5.6 mg O2/liter ) exposed to
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oxygen saturated air. Tylose was added to cell 2 to increase the
viscosity of the electrolyte. Reference voltage was measured by
an Ag/AgCl electrode. (The maximum current that could be
measured with this system was 500 microamperes.)
Fifteen days prior to launch, the cells were maintained while the
electrodes were intermittently polarized with i00 mY. During the
20 seconds just prior to launch, the cells were polarized,
providing the "l-g comparison data." A total of six polarization
cycles were then applied during the launch, low-gravity, and re-
entry periods of the flight. During these cycles, the current
and time were recorded.
Post-flight analysis of the collected data (see Reference (i) for
complete details) revealed that the lengthy pre-launch, 15-day
stand-time of the experiment reduced the low-gravity effects.
The copper was "...oxidized by the oxygen given off in the
electrolyte especially in the presence of chloride ions. Since
the electrolytic vessel was tightly sealed, the consumed oxygen
was not replaced. The decrease of oxygen content during the
standing time was determined by means of comparative experi-
ments .... According to this, the electrolyte at the time of the
experiment contained only residual oxygen." (i, p. 143).
It was reported, however, that the TEXUS experiment illustrated
the effects of the low-gravity conditions. The marginal current
measured under low-gravity conditions was 40% less than that of
the "l-g comparison data" and comparative ground experiments.
This difference was attributed to the wider adherent boundary
layer formed in the absence of convection.
The tylose added to cell 2 "... [suppressed] convection to such an
extent that in cell 2 during the O-g phase the existence of con-
vection can practically be ruled out." (I, p. 144) (It was
reported that the tylose additive also suppressed convection in
l-g experiments. ) Reportedly, direct comparison between the be-
havior of cell 1 and cell 2 was not possible. The 15-day pre-
launch stand time resulted in differences between the electrodes
and electrolytes of the two cells. Post-flight examination of
the two electrodes in cell 1 revealed a smooth, evenly browned
surface. Those of cell 2 were nearly copper colored and spotty.
These differing surface conditions indicated that the
electrolytes also changed to different extents. Therefore,
"...in cell 1 lesser currents were measured, including during
convection, than in cell 2." (i, p. 145)
The Ag/AgCl reference electrode performed well. "It [was]
simple, robust and insensitive. A change in the reference poten-
tial by the particular marginal conditions of the O-g experiment
were not observed." (i, p. 145)
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Key Words: Physical Chemistry, Electrochemical Corrosion, Corro-
sion, Thin Films, Coated Surfaces, Electric Field, Conduction,
Electrodes, Electrolyte Solution, Solid/Liquid Interface, Oxide
Layer, Oxidation, Buoyancy-Driven Convection, Buoyancy Effects
Diminished, Mass Transfer, Viscosity, Polarization, Contained
Fluids, Deterioration of Samples Prior to Launch
Number of Samples: two electrolytic cells
sample Materials: Electrodes: electrolytic copper corroded for
several days in a potassium chloride solution; Cell 1
Electrolyte: l-m KCI solution (5.6 mg 02/1 ) exposed to air which
was saturated with oxygen, 02; Cell 2 Electrolyte: Same as Cell 1
with a Tylose additive. Reference electrode: silver/silver
chloride.
(Cu*, K,C1*, 0,, Ag*, Ag*Cl*)
Container Materials: Plexiglas TM
Experiment/Material Applications:
The measurement of electrochemical effects is significantly in-
fluenced by the degree of convection within the electrolyte. Un-
der low-gravity conditions, the effects of convection can either
be eliminated or reduced, resulting in more accurate studies of
the electrochemical corrosion process.
The specific reasons why the electrode/electrolyte materials were
selected were not detailed in the available publications.
References/Applicable Publications:
(i) Mix, G.: Intermittent Polarization.
Utilization Final Report Project TEXUS II,
(post-flight)
In Shuttle/Spacelab
1978, pp. 132-145.
(2) Intermittent Polarization. In Summary Review of Sounding
Rocket Experiments in Fluid Science and Materials Sciences, TEXUS
1 to 20, MASER 1 and 2, ESA SP-I132, February 1991, pp. 88-89.
(post-flight)
(3) Input received from Principal Investigator G. Mix, July 1993.
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Contact (s) :
Prof. Dr. Ing. G_nter Mix
Institut f_r Werkstofftechnologie der Fachhochschule Kiel
Legienstrasse 35
D-24103 Kiel
Germany
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Principal Investigator(s): Straub, J. (i), Weinzierl, A. (2)
Co-Investigator(s): None
Affiliation(s): (1,2) Technische Universit_t, Munich, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 3
Launch Date/Expt. Date: April 1980
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-3
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Nucleate Pool Boilinq
This TEXUS 3 experiment was the first in a series of investiga-
tions designed by Straub et al. to study nucleate pool boiling
under low-gravity conditions.
No publications detailing the experimental objectives or equip-
ment setup could be located.
Reference (2) reported that due to a rocket despin failure, TEXUS
3 did not achieve the desired low-gravity level.
Further information concerning this TEXUS 3 investigation does
not appear to be available. The experiment was reflown on TEXUS
3b (see Straub, TEXUS 3b).
Key Words: Physical Chemistry, Nucleate Pool Boiling, Boiling,
Heat and Mass Transfer, Bubbles, Bubble Formation, Bubble Growth,
Liquid/Gas Interface, Rocket Motion, Acceleration Effects, Rocket
Despin Failure
Number of Samples: one
Sample Materials: Freon 113
Container Materials: experiment cell: unknown
Experiment/Material Applications:
See Straub, TEXUS 3b.
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References/Applicable Publications:
(1) Weinzierl, A., and Straub, J.: Nucleate Pool Boiling in
Microgravity Environment. In Heat Transfer 1982; Proc. of the
7th International Conference, Munich, West Germany, September 6-
10, 1982, pp. 21-27. (appears to be TEXUS 3b; mission is
unspecified; post-flight)
(2) Greger, G.: TEXUS and MIKROBA and Their Effectiveness and
Experiment Results. Presented at: In Space '87, October 13-14,
1987, Japan Space Utilization Promotion Center, (JSUP).
(identifies rocket failure)
(3) Input received from B.
Munich), August 1993.
Vogel (Technische Universit_t,
Contact(s):
Prof. Dr.-Ing. habil Johannes Straub, A. Weinzierl
LATTUM
Technische Universit_t M_nchen
Arcisstrasse 21
80290 M_nchen
Germany
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Principal Investigator(s): Straub, J. (i), Weinzierl, A. (2)
Co-Investigator(s): None
Affiliation(s): (1,2) Technische Universit_t, Munich, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 3b
Launch Date/Expt Date: April 1981
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-3
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Bubble Formation: Nucleate Pool Boilinq
The boiling process and its associated heat transfer are ex-
tremely important in industry (e.g., spray cooling of hot metal
ingots). However, despite extensive investigations of the
phenomena, the process is not fully understood. Mathematical
equations which model the process provide controversial results,
especially in terms of gravitational influences. When the con-
tribution of gravity is significant, two heat transfer mechanisms
become active: (i) free convection and (2) enthalpy transfer by
buoyancy-induced detachment and flotation of bubbles.
In the low-gravity environment, gravity-related mechanisms are
decoupled from the boiling process and investigations can be con-
ducted concerning the three active heat and mass transfer
mechanisms: (i) evaporation/condensation, (2) interface convec-
tion, and (3) heat conduction.
This TEXUS 3b experiment was the second in a series of investiga-
tions designed by Straub et al. to study nucleate pool boiling
under low-gravity conditions (see Straub, TEXUS 3). The specific
objectives of the investigation were to (i) determine the rela-
tive contributions of the two gravity dependent, active heat
transfer mechanisms and (2) investigate (a) the behavior of the
bubbles during boiling and (b) the related heat transfer.
The TEXUS Experiment Module TEM 06-3 was employed for the inves-
tigation. The module contained a 20-mm diameter cylindrical cell
filled with Freon 113. A platinum wire (0.2 mm diameter, 25 mm
long) spanned the cell's diameter. During heating and boiling of
the Freon, (i) a bellows system associated with the cell allowed
for volume expansion and (2) a cine camera recorded the nuclea-
tion and growth of bubbles.
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During the rocket flight, three constant voltages were applied _o
the wire which corresponded to three heat fluxes: (I) 1.7 W/cm _,
(2) 4.0 W/cm 2, and (3) 7.7 W/cm 2. Wire temperatures were deter-
mined from the electric currents. Two thermocouples immersed in
the liquid near the Pt wire measured the liquid temperature.
Pressure measurements were also recorded.
Post-flight examination of the recorded flight data indicated
that the temperature at the onset of nucleate boiling was not in-
fluenced by gravity for the three heating rates. Steady nucleate
boiling was established within 0.5 seconds and was accompanied by
a pressure increase of approximately 5000 Pa. The lifetime of
the bubbles was a few tenths of a second as they moved along the
wire. Mass transport by evaporation/condensation was also ob-
served.
Reportedly, (i) the heat transfer coefficient appeared to be ap-
proximately equal to or slightly larger than seen on Earth and
(2) "These results proved the dominating role of Marangoni con-
vection in the boiling heat transport in microgravity." (4, p.
98) <Note: The bubble behavior at each of the three heat fluxes
was not detailed.>
No further information (published in English) concerning this ex-
periment could be located at this time. <Note: References (6)-
(9), which were not available to aid in the preparation of this
experiment summary, may contain more information about this in-
vestigation.>
Key Words: Physical Chemistry, Transparent Liquids, Phase Transi-
tion, Nucleate Pool Boiling, Boiling, Heat Transfer, Heat and
Mass Transfer, Bubbles, Bubble Formation, Bubble Growth, Bubble
Nucleation, Flotation of Bubbles, Evaporation, Condensation, Con-
duction, Convection at the Interface, Marangoni Convection, Ther-
mocapillary Convection, Surface Tension-Driven Convection,
Solid/Liquid Interface, Liquid/Gas Interface, Electric Field,
Volume Compensation, Volume Expansion, Buoyancy Effects, Con-
tained Fluids
Number of Samples: one (three different heating rates)
Sample Materialsz Freon 113
Container Materials: experiment cell: unknown; heater surface
material: platinum wire
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Experiment/Material Applications:
Compared to natural convection or film boiling, nucleate pool
boiling results in high heat transfer rates. The pool boiling
process is very complicated with several mechanisms (gravity de-
pendent and gravity independent) contributing to heat transporta-
tion. The study of such boiling under low-gravity conditions (1)
allows closer study of gravity-dependent effects and (2) provides
a distinction between the relative contributions of the gravity-
dependent and gravity-independent mechanisms. Understanding
these mechanisms will lead to a greater knowledge of heat trans-
fer on Earth and under low-gravity conditions.
References/Applicable Publications:
(i) Weinzierl, A. and Straub, J.: Heat Transfer with Bubble
Formation-Results of the TEXUS 3b Experiment. Zeitschrift f_r
Flugwissenschaften und Weltraumforschung, Vol. 6, September 1982,
pp. 339-343. (in German; post-flight)
(2) Weinzierl, A. and Straub, J. : Nucleate Pool Boiling in
Microgravity Environment. In Heat Transfer 1982, Proc. of the
7th International Conference, Munich, West Germany, September 6-
i0, 1982, pp. 21-27. (TEXUS 3b; post-flight)
(3) Zell, M. and Straub, J.: Microgravity Pool Boiling- TEXUS
and Parabolic Flight Experiments. In ESA 6th European Symposium
on Material Sciences Under Microgravity Conditions, Bordeaux,
France, December 2-5, 1986, ESA SP-256, pp. 155-160. (does not
specify TEXUS flight number; post-flight)
(4) Nucleate Pool Boiling. In Summary Review of Sounding Rocket
Experiments in Fluid Science and Materials Sciences, TEXUS 1 to
20, MASER 1 and 2, ESA SP-I132, February 1991, pp. 98-99. (post-
flight)
(5) Input received from B.
Munich), August 1993.
Vogel (Technische Universit_t,
(6) Straub, J. and Weinzierl, A.: Untersuchung der Blasenbildung
bei Phasen_nderung unter Schwerelosigkeit-Werkstofforschung und
Verfahrenstechnik im Weltraum; BMFT-Status Seminar "Spacelab-
Nutzung," Meersburg, Germany, 1977, DGLR-Bericht 78/02, Cologne,
DGLR. (in German)
(7) Straub, J. and Weinzierl, A.: Optische Voruntersuchungen sum
W_rme_bergang bei Siedenvorg_ngen unter reduzierter Schwerkraft-
Werkstofforschung und Verfahrenstechnik im Weltraum; BMFT-Status
Seminar "Spacelab-Nutzung," Meersburg, Germany, 1978, DGLR-
Bericht 79/01, Cologne, DGLR, pp. 177-184. (in German)
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(8) Straub, J. and Weinzierl, A.: Untersuchung der Blasenbildung
bei Phasen_nderung unter Schwerelosigkeit-Werkstofforschung und
Verfahrenstechnik im Weltraum; BMFT-Status Seminar "Spacelab-
Nutzung," T_bingen, Germany, 1978, DGLR-Bericht 79/01, Cologne,
DGLR, pp. 33-43. (in German)
(9) Blasenbildung und W_rme_bergang unter l-g-und Micro-g-
Bedingungen-Werkstofforschung und Verfahrenstechnik im Weltraum;
BMFT-Status Seminar "Spacelab-Nutzung", W_rtzburg, Germany, 1980,
DGLR-Bericht 80/02, Cologne, DGLR, pp. 95-101. (in German)
(i0) Weinzierl, A. and Straub, J. : Warme_bergang und
Blasenbildung- Ergebnisse des TEXUS III-b Experimetns; Z. f.
Flugwissenschaft und Weltraumforschung, Bd. 6, pp. 339-343, 1982.
(in German)
Contact(s):
Prof. Dr.-Ing. habil Johannes Straub, A. Weinzierl
LATTUM
Technische Universit_t M_nchen
Arcisstrasse 21
80290 M_nchen
Germany
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Principal Investigator(s): Straub, J. (i), Weinzierl, A. (2),
Zell, M. (3)
Co-Investigator(s): None
Affiliation(s): (1-3) Technische Universit_t, Munich, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 5
Launch Date/Expt Date: April 1982
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-3
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Bubble Formation
This TEXUS 5 experiment was the third in a series of investiga-
tions designed by Straub et al. to study nucleate pool boiling
under low-gravity conditions (see Straub, TEXUS 3, TEXUS 3b).
The specific objective of the experiment was to investigate
"...several heat fluxes into a subcooled liquid in order to ob-
serve the onset of boiling, and condensation effects at the
bubble surface." (3, p. 100)
The TEXUS Experiment Module TEM 06-3 was employed for the inves-
tigation. The cylindrical test cell and associated hardware
were the same as those used during the TEXUS 3b investigation
(see Straub, TEXUS 3b for a complete description).
During the low-gravity phase of the TEXUS 5 mission, nine dif-
ferent heat fluxes from a platinum wire into subcooled Freon 113
(bulk temperature 25 °C) were investigated. (The heat flux was
increased incrementally up to 50 W/cm2.) In order to achieve
steady-state conditions, each power level was maintained for 13
seconds.
Post-flight, it was reported that "The onset of boiling started
by the formation of a a 'vapour hose' around the wire.., and at a
superheating 25% higher than on Earth where steady state is
reached long before, owing to natural convection." (3, p. i00)
It was also observed that, after removal of the initially formed
"bubble", a steady-state boiling occurred. <Note: It appears
from photographs in Reference (3) that the "vapour hose" trans-
formed into this "bubble."> Reportedly, this boiling was sig-
nificantly stabilized by Marangoni convection at the surface of
the bubbles. The heat transfer during steady-state boiling ap-
peared to be independent of gravity level. <Note: It is not
clear if this same vapour hose/bubble/boiling process occurred at
each incremental heat flux step. The bubble behavior and conden-
sation effects at each of the nine heat fluxes were not
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detailed.>
No further information (published in English) concerning this ex-
periment could be located at this time.
Key Words: Physical Chemistry, Transparent Liquids, Phase Transi-
tion, Nucleate Pool Boiling, Boiling, Heat Transfer, Heat and
Mass Transfer, Heat Flux, Superheating, Vaporization, Bubbles,
Bubble Formation, Bubble Growth, Condensation, Conduction, Con-
vection at the Interface, Marangoni Convection, Thermocapillary
Convection, Surface Tension-Driven Convection, Solid/Liquid In-
terface, Liquid/Gas Interface, Electric Field, Volume Compensa-
tion, Volume Expansion, Buoyancy Effects, Contained Fluids
Number of Samples: one (nine different heating rates)
Sample Materials: test fluid: Freon 113 - triclorotrifluroethane
Container Materials: experiment cell: unknown; heater surface
material: platinum wire
(Pt*)
Experiment/Material Applications:
See Straub, TEXUS 3b.
References/Applicable Publications:
(i) Zell, M., Straub, J., and Weinzierl, A.: Nucleate Pool Boil-
ing in Subcooled Liquid Under Microgravity-Results of Texus Ex-
perimental Investigations. In Proceedings of the 5th European
Symposium on Material Sciences Under Microgravity, Results of
Spacelab i, Schloss Elmau, November 5-7, 1984, ESA SP-222, pp.
327-333. (post-flight; does not specify TEXUS flight number)
(2) Zell, M. and Straub, J.: Microgravity Pool Boiling-TEXUS and
Parabolic Flight Experiments. In ESA 6th European Symposium on
Material Sciences Under Microgravity Conditions, Bordeaux,
France, December 2-5, 1986, ESA SP-256, pp. 155-160. (post-
flight; does not specify TEXUS flight number)
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(3) Bubble Formation. In Summary Review of Sounding Rocket Ex-
periments in Fluid Science and Materials Sciences, TEXUS 1 to 20,
MASER 1 and 2, ESA SP-I132, February 1991, pp. i00-I01. (post-
flight)
(4) Input received from B. Vogel (Technische Universitat,
Munich), August 1993.
Contact(s):
Prof. Dr.-Ing. habil Johannes Straub, A. Weinzierl
LATTUM
Technische Universit_t M_nchen
Arcisstrasse 21
80290 M_nchen
Germany
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Principal Investlgator(s): Straub, J. (i), Weinzierl, A. (2),
Zell, M. (3)
Co-Investigator(s): None
Affiliation(s): (1-3) Technische Universit_t, Munich, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 8
Launch Date/Expt Date: May 1983
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-3
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Bubble Formation
This TEXUS 8 experiment was the fourth in a series of investiga-
tions designed by Straub et al. to study nucleate pool boiling
under low-gravity conditions (see Straub, TEXUS 3, TEXUS 3b,
TEXUS 5).
No documents (published in English), describing the experimental
objectives, setup, or results from this investigation could be
located.
Key Words: Physical Chemistry, Phase Transition, Nucleate Pool
Boiling, Boiling, Heat and Mass Transfer, Bubbles, Bubble Forma-
tion, Bubble Growth, Liquid/Gas Interface
Number of Samples: one
Sample Materials: Freon 113
Container Materials: experiment cell: unknown
Experiment/Material Applications:
See Straub, TEXUS 3b.
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References/Applicable Publications:
(1) Weinzierl, A. and Straub, J.: Nucleate Pool Boiling in
Microgravity Environment. In Heat Transfer 1982; Proc. of the
7th International Heat Transfer Conference, Munich, West Germany,
September 6-10, 1982, pp. 21-27. (specifies no mission number;
preflight)
(2) Zell, M. and Straub, J.: Microgravity Pool Boiling-TEXUS and
Parabolic Flight Experiments. In ESA 6th European Symposium on
Material Sciences Under Microgravity Conditions, Bordeaux,
France, December 2-5, 1986, ESA SP-256, pp. 155-160. (specifies
no mission number; post-flight)
(3) Experimentelle Untersuchung des W_rme_bergangs und seiner
Transportmechanismen bei Siedevorg_ngen unter reduzuierter
Schwerkraft; Jahrbuch der Technischen Universit_t Mdnchen, 1985,
pp. 163-178.
(4) Input received from B.
Munich), August 1993.
Vogel (Technische Universit_t,
Contact(s):
Prof. Dr.-Ing. habil Johannes Straub, A. Weinzierl
LATTUM
Technische Universit_t M_nchen
Arcisstrasse 21
80290 M_nchen
Germany
15-40
Principal Investigator(s): Straub, J. (1), Ze11, M. (2)
Co-Investlgator(s): None
Affiliation(s): (1,2) Technische Universit_t, Munich, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS i0
Launch Date/Expt Date: May 1984
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-3
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Bubble Formation
This TEXUS i0 experiment was the fifth in a series of investiga-
tions designed by Straub et al. to study nucleate pool boiling
under low-gravity conditions (see Straub, TEXUS 3, TEXUS 3b,
TEXUS 5, TEXUS 8).
Previous TEXUS sounding rocket experiments in this investigative
series indicated that steady-state, boiling heat transfer from a
heated platinum wire was not significantly different than that on
Earth. Therefore, the objective of this experiment was to deter-
mine whether low-gravity boiling heat transfer was influenced by
the geometry of the heater. This was accomplished by replacing
the heated wire configuration (used during the earlier missions)
with a heated flat plate. The following phenomena were to be
investigated: (I) bubble nucleation, (2) bubble dynamics, (3)
phase change, and (4) Marangoni transport with respect to the
stability of boiling heat transfer.
As in the earlier low-gravity experiments, the TEXUS Experiment
Module TEM 06-3 was employed for the investigation. However,
certain changes were incorporated to accommodate the flat plate
geometry. It appears that the TEM 06-3 module still retained (i)
a cylindrical cell filled with Freon 113 (and the associated bel-
lows system to allow for volume expansion) and (2) a cine camera
to record nucleation and growth of bubbles.
The flat plate (20 mm by 40 mm) contained within the test cell
consisted of a thin gold film on a cerodur glass substrate. The
plate was used simultaneously as a heater and resistance ther-
mometer (range of 20 to 200 °C with +/- 1 K accuracy). The pla_e
could produce eight discrete heat flux levels up to 8 W/cm _.
Five thermocouples were located in the working fluid (Freon 113)
and four thermocouples were located in the glass substrate for
calculation of the deficit heat flux.
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During the low-gravity phase of the rocket, the plate was heated
at different rates, and the resulting behavior of the fluid was
recorded.
Post-flight examination of the recorded data indicated that, un-
der low-gravity conditions, "...the onset of boiling in the sub-
cooled liquid (Tsat - Tbulk = 25 °C) occurred at a superheating
higher than on Earth but the activation of the first nucleation
site required only 45% of the heat flux. Also the spreading of
nucleate boiling was 20 times faster than on Earth (<0.i s...).
However, the duration of the thermal transition to steady state
increased up to several seconds, due to the long time required
for the condensation of the initial 'vapor explosion'. When the
heat input to the plate was increased above 5 W/cm _, the limits
of the heat transport mechanisms in microgravity (dissipation of
the condensation enthalpy from the top of the bubbles towards the
subcooled bulk by thermocapillary flows and bubble dynamics) were
exceeded and a film boiling regime was set up .... The Experiment
ended with the burnout of the heater, as it was isolated by a
layer of vapour." (3, p. 102) <Note: It is not clear how many
heating rates were examined prior to heater burnout. Further,
the boiling heat transfer characteristics were not detailed at
each of the heating rates.>
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Physical Chemistry, Transparent Liquids, Phase Transi-
tion, Nucleate Pool Boiling, Boiling, Heat Transfer, Heat and
Mass Transfer, Heat Flux, Superheating, Vaporization, Contained
Fluids, Bubbles, Bubble Formation, Bubble Growth, Bubble Nuclea-
tion, Bubble Dynamics, Condensation, Convection at the Interface,
Marangoni Convection, Thermocapillary Convection, Marangoni Move-
ment (Migration) of Bubbles, Surface Tension-Driven Convection,
Solid/Liquid Interface, Liquid/Gas Interface, Substrates, Thin
Films, Coated Surfaces, Volume Compensation, Volume Expansion,
Buoyancy Effects, Heat Exchangers
Number of Samples: one (eight different heating rates were
possible)
Sample Materials: Freon 113 - triclorotrifluroethane.
Container Materials: experiment cell: unknown; heater material:
thin gold film on cerodur glass substrate.
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Experlment/Material Applications:
See Straub, TEXUS 3b.
References/Applicable Publications:
(1) Zell, M., Straub, J., and Weinzierl, A.: Nucleate Pool Boil-
ing in Subcooled Liquid Under Microgravity-Results of Texus Ex-
perimental Investigations. In Proceedings of the 5th European
Symposium on Material Sciences Under Microgravity, Results of
Spacelab i, Schloss Elmau, November 5-7, 1984, ESA SP-222, p.
327. (post-flight)
(2) Zell, M. and Straub, J.: Microgravity Pool Boiling- TEXUS and
Parabolic Flight Experiments. In ESA 6th European Symposium on
Material Sciences Under Microgravity Conditions, Bordeaux,
France, December 2-5, 1986, ESA SP-256, pp. 155-160. (does not
specify TEXUS flight number; post-flight)
(3) Bubble Formation II. In Summary Review of Sounding Rocket
Experiments in Fluid Science and Materials Sciences, TEXUS 1 to
20, MASER 1 and 2, ESA SP-I132, February 1991, pp. 102-103.
(post-flight)
(4) Input received from B. Vogel (Technische Universit_t,
Munich), August 1993.
Contact(s}:
Prof. Dr.-Ing. habil Johannes Straub or M. Zell
LATTUM
Technische Universit_t M_nchen
Arcisstrasse 21
80290 M_nchen
Germany
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Principal Investigator(s): Straub, J. (i), Zell, M. (2)
Co-Investigator(s): None
Affiliation(s): (1,2) Technische Universit_t, Munich, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS ii
Launch Date/Expt Date: April 1985
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-3
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Bubble Formation
This TEXUS ii experiment was the sixth in a series of investiga-
tions designed by Straub et al. to study nucleate pool boiling
under low-gravity conditions (see Straub, TEXUS 3, TEXUS 3b,
TEXUS 5, TEXUS 8, TEXUS I0). The specific objectives of the ex-
periment were to investigate the boiling process (i) in an
saturated liquid, (2) during the transition from a saturated to
subcooled liquid, and (3) in a subcooled liquid.
The TEXUS ii experiment was performed in the TEM 06-3 Experimen-
tal Module. Reportedly, the experimental hardware was the same
as that used during Straub's earlier TEXUS i0 investigation. The
module contained (i) a cylindrical cell filled with Freon 113
(and configured with a 20-mm by 40-mm flat heater plate) and (2)
a cine camera to record nucleation and growth of bubbles.
During the TEXUS ii mission, three distinct experimental steps
(corresponding to the three experimental objectives (mentioned
above)) were performed. <Note: A detailed discussion of each of
these steps and the subsequent results were not provided in the
publications that were available to the editors at the time this
summary was prepared (References (1-3)). The summary below rep-
resents nearly the entire available information related to the
experimental steps, subsequent analysis and reported results.>
The low-g data from each of the steps were compared to data ob-
tained during terrestrial reference experiments performed in the
TEM 06-3 apparatus.
Step i: Study of the Boiling Process in a Saturated Liquid
It appears that this part of the TEXUS ii experiment was in-
itiated 75 seconds after the rocket was launched (t = 75 seconds)
and continued until t = 230 seconds. During this time, the
heater power was increased and subsequently decreased resulting
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in a heat flux, q, range of 3-7 W/cm 2. <Note: It is not clear
what the baseline pressure or temperature of the liquid was when
the experiment was initiated (based on the references available
at the time this experiment summary was prepared). Reference (4)
indicated that this information is available, but the reference
did not identify in which publication(s) this information could
be found.>
Reportedly, the onset and evolution of boiling in the saturated
liquid were observed. Based on these observations it was con-
cluded that:
"- at low system pressure and in the absence of gravity, the
energy exchange between the heating surface and the fluid
deteriorates shortly after boiling starts because there is no en-
thalpy transport by buoyancy driven detachment and flotation of
vapour bubbles. This results in film boiling;
- the detachment of the bubbles in not due to impulse forces but
exclusively to buoyancy forces (i.e. occurs only on earth)." (3,
p. 104)
Step 2: Study of the Boiling Process During the Transition from
Saturated Boiling to Subcooled Boiling
This part of the experiment was initiated at t = 230 seconds and
continued until t = 300 seconds. During this time, a transition
from saturated boiling to subcooled boiling was achieved by in-
creasing the pressure in the cell at a constant heating power (q
= 3 W/cm 2. <Note: It is not clear what the baseline pressure or
temperature of the liquid was when the experiment was initiated
(based on the references available at the time this experiment
summary was prepared). (See note concerning Reference (4)
above.)>
Reportedly, "...the increased pressure from the saturation line
to a subcooling of... [Tsat - Tbulk] = 25 K, causes a sudden con-
densation of the vapor front .... " (i, p. 33, translation) "After
about 2 s, the heat transfer became stationary with a heat trans-
fer coefficient identical to the one measured on Earth. (3, p.
104)
Step 3: Study of the Boiling Process in a Subcooled Liquid
This part of the experiment was initiated at t = 300 seconds and
continued until t = 500 seconds. <Note: It is not clear what
the baseline pressure and temperature of the liquid was when the
experiment was initiated although at one point during this step
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Tsat-Tbulk reportedly equaled 48 K. (See note concerning
Reference (4) above.)> During this time, the heater power was
gradually increased and subsequently decreased (heat flux q = 3-7
W/cm , similar to Step i).
Reportedly, "Boiling started with an explosive formation of
bubbles accompanied by a decrease of the heater temperature ....
After a stabilization time of 2.5 s, which is significantly
longer than on Earth, the temperature field stayed stationary and
the heat transfer coefficient was again identical to the one
measured under l-g. In microgravity, the absence of buoyancy
convection was compensated by an augmented... [vaporization]/
condensation process resulting from a bigger bubble surface area
(diameter I0 to 20 times larger than on Earth.)" (3, p. 104)
It was concluded that
"-Adhesion forces at the heating surface dominate the impulse
forces for bubble generation and growth" (i, p. 35, translation)
"-during subcooled boiling in microgravity, the condensation at
the top of the bubbles guarantees their stability [stationary
boiling] but with a reduced critical heat flux" (3, p. 105)
"-The influence of the Marangoni convection on the heat transfer
appears to be negligible for the used heater geometry (smooth
heating surface)" (i, p. 35, translation)
"-the current boiling process models which are generally based on
gravity dependent mechanisms, should be reconsidered specially
regarding the real influences of gravity." (3, p. 106)
Additional information concerning this experiment may be con-
tained in References (5-11).
Key Words: Physical Chemistry, Transparent Liquids, Phase Transi-
tion, Nucleate Pool Boiling, Boiling, Heat Transfer, Heat and
Mass Transfer, Heat Flux, Vaporization, Bubbles, Bubble Forma-
tion, Bubble Growth, Bubble Nucleation, Saturated Solution,
Evaporation, Condensation, Marangoni Convection, Thermocapillary
Convection, Surface Tension-Driven Convection, Solid/Liquid In-
terface, Liquid/Gas Interface, Volume Compensation, Volume Expan-
sion, Buoyancy Effects, Buoyancy Forces, Coated Surfaces, Surface
Roughness, Thin Films, Heat Exchangers, Contained Fluids
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Number of Samples: one (three different heating/cooling steps)
Sample Materials: test fluid: Freon
Container Materials: experiment cell: unknown; heater material:
vapor-coated gold on glass surface
Experlment/Material Applications:
See Straub, TEXUS 3b.
References/Applicable Publications:
(i) Straub, J. and Zell, M.: Bubble Formation II. In TEXUS
11/12 Abschlussbericht 1985, German Publication, 1985. (in
German)
(2) Zell, M. and Straub, J.: Microgravity Pool Boiling-TEXUS and
Parabolic Flight Experiments. In ESA 6th European Symposium on
Material Sciences Under Microgravity Conditions, Bordeaux,
France, December 2-5, 1986, ESA SP-256, pp. 155-160. (does not
specify TEXUS flight number; post-flight)
(3) Bubble Formation. Microgravity Measurements of the Boiling
Heat Transfer from Flat Heated Surfaces. In Summary Review of
Sounding Rocket Experiments in Fluid Science and Materials
Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA SP-I132, February
1991, pp. 104-106. (post-flight)
(4) Input received from B. Vogel (Technische Universit_t,
Munich), August 1993.
<Note: Although B. Vogel (Reference (4)) provided an extensive
list of applicable publications related to "Boiling Under
Microgravity" (several of which had been previously identified
and already contained within the data base), it was not possible
to obtain several documents (and translate those in German)
prior to the publication of this Technical Memorandum.
References (5-11) are applicable publications from Vogel's list
that could not be obtained (and that were not previously listed
under other TEXUS experiments).>
(5) Weinzierl, A., Zell, M., and Straub, J.: Influence of Ac-
celeration on Subcooled and Saturated Pool Boiling-Results of
Parabolic Flight Investigations. ESA Microgravity Division, EWP-
1457, 1986, pp. 3-14.
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(6) Weinzierl, A., Zell, M., and Straub, J.: Spacelabnutzung- Un-
tersuchung des W_rme_bergangs und seiner Transportmechanismen bei
Siedevorg_ngen unter Schwerelosigkeit; BMFT-FB-W 86-021, 1986,
148 pp. (in German)
(7) Zell, M., Straub, J., and Vogel, B.: Pool Boiling Under
Microgravity. J. of Physico-Chemical Hydrodynamics, ii, 5/6,
1989, pp. 813-823.
(8) Straub, J., Weinzierl, A., and Zell, M. : Thermokapillare
Grenzfl_chenkonvektion an Gasblasen in einem Temperatur-
gradientenfeld; W_rme- und Stoff_bertragung, Bd., 25, 1990, pp.
281-288.
(9) Straub, J., Zell, M., and Vogel, B.: Der Einfluss der
Schwerkraft auf den W_rme_bergang beim Sieden; Chem. Ing. Tech.,
Bd. 62, 1990, p. 128.
(i0) Straub, J., Zell, M., and Vogel, B.: Pool Boiling in a
Reduced Gravity Field. Proc. 9th International Heat Transfer
Conference, Jerusalem, Israel, August 19-24, 1990, Hetsrony, G.
(ed.), New York: Hemisphere, Vol. i, 1990, pp. 91-112.
(ii) Straub, J., Zell, M., and Vogel, B.: Boiling Under
Microgravity Conditions. Proc. First European Symposium Fluids
in Space, Ajaccio, France, November 18-22, 1991, ESA SP-353, pp.
269-297.
Contact(s):
Prof. Dr.-Ing. habil Johannes Straub or M. Zell
LATTUM
Technische Universit_t M_nchen
Arcisstrasse 21
80290 M_nchen
Germany
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Principal Investigator(s): Straub, J. (1), Ze11, M. (2)
Co-Investlgator(s): None
Affiliation(s): (1,2) Technische Universit_t, Munich, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 13
Launch Date/Expt Date: April 1986
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-6: experiment
cell filled with Freon and configured with a surface (spot)
heater (temperature recording at 10 locations). Bubble formation
and resultant density and temperature gradients made visible by a
differential interferometer.
Builder of Processing Facility: ERNO, Bremen, Germany
Experiment:
Sinqle Bubble
This TEXUS 13 experiment was the seventh in a series of inves-
tigations designed by Straub et al. to study nucleate pool boil-
ing under low-gravity conditions (see Straub, TEXUS 3, TEXUS 3b,
TEXUS 5, TEXUS 8, TEXUS i0, TEXUS ii). The overall objective of
the experiment was to investigate the thermodynamic and fluid
dynamic processes involved in the formation of boiling bubbles on
a heated surface. More specifically, the objective was to obtain
optical and thermal data associated with an individual vapor
bubble and analyze in detail the gravity-independent mechanisms
affecting the bubble. (Details concerning thermodynamic and
fluid dynamic behavior along the bubble surface may be important
to heat transfer phenomena.)
The experiment was performed in the TEM 06-6 Experimental Module.
The module contained a test cell filled with Freon RII3. A spot
heater (comprised of gold thin film on a glass substrate) was
configured within the cell. "The experimental setup was designed
to allow observation of single vapour bubbles under different
conditions in the liquid (saturated, subcooled)." (2, p. 108)
Temperature in the liquid could be recorded at ten different
locations and a bellows system allowed pressure adjustment of the
test liquid during heating.
During the mission, bubbles of Freon RII3, generated on the spot
heater, grew under controlled thermal gradients. A differential
interferometer was employed to determine the density and tempera-
ture fields around the bubble (without contact and thermal
inertia). The interferometer images were recorded with a motion
picture camera. Also recorded were (i) the spot heater tempera-
ture, (2) the heat flux, (3) the fluid temperature, and (4) the
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cell pressure. <Note: Additional details concerning the pres-
sures recorded during the experiment were not detailed.>
Reportedly, "Technical difficulties during the performance of the
experiment under microgravitation severely restricted the ability
to analyze the information obtained from the interferometer. By
means of uncontrolled bubble formation and deficient optical
recording quality, it was impossible to obtain the goal of the
experiment, in other words, a detailed analysis of boundary sur-
face phenomena, so that heat transfer measurements [could] be
derived only from the electrical data." (i, p. 38, translation)
"A quantitative analysis of the optical record was only possible
during two short sequences where a single bubble could be gen-
erated in microgravity. It could be seen clearly.., that with
increasing subcooling, the convection at the bubble interface be-
came the dominating and thermally stabilising(sic) liquid
transport mechanism. The phase change mechanisms involved in the
boiling process (evaporation/condensation) can reach a steady
state equilibrium only if the energy released at the top of the
bubble condensation is evacuated by hydrodynamical mechanisms.
From a thermodynamic point of view, the temperature differences
in pure liquids and thus the surface tension gradients along the
bubble surface are negligible. Practically, the driving force of
the interfacial convection resides in heat transfer resistances
at the bubble surface which originate in impurities enrichment
(e.g. traces of components with higher boiling points or dis-
solved gases). With increasing subcooling and thus smaller
bubbles, this generated strong gravity independent convection
flows perpendicular to the heating surface. The heat transfer
was then comprable[sic] with the one measured on Earth.
"With a low subcooling (...[delta]T = 22°C) in microgravity, the
bubbles grew fast and the intensity of the interfacial convection
varied periodically (f...[approximately equal to] 2 Hz). This is
reflected by the temperature/time profile of the heating sur-
face.., which is inversely proportional to the heat transfer
coefficient. The minima which occurred periodically correspond
to the ceasing of the interfacial convection.
"The observation of the dynamical behaviour of the surface of
vapour bubbles during boiling requires improved experimentation.
The analysis of the resulting data should allow the various
numerical models of bubbles during boiling.., to be tested." (2,
p. 108)
No further information concerning the results from this experi-
ment could be located in the available publications. It is
suspected that such data may not be available due to difficulties
with the optical record.
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Key Words: Physical Chemistry, Transparent Liquids, Phase Transi-
tion, Nucleate Pool Boiling, Boiling, Heat Transfer, Heat Trans-
fer Coefficient, Heat and Mass Transfer, Heat Flux, Thermal
Gradient, Vaporization, Bubbles, Bubble Formation, Bubble Growth,
Bubble Nucleation, Bubble Dynamics, Saturated Solution, Evapora-
tion, Condensation, Marangoni Convection, Thermocapillary Convec-
tion, Surface Tension-Driven Convection, Solid/Liquid Interface,
Liquid/Gas Interface, Convection at the Interface, Impurities,
Volume Compensation, Volume Expansion, Buoyancy Effects, Buoyancy
Forces, Substrates, Coated Surfaces, Thin Films, Interferometric
Measurement, Contained Fluids, Heat Exchangers, Processing Dif-
ficulties, Photographic Difficulties
Number of Samples: one test setup (the number of single bubbles
generated is unclear)
Sample Materials: test fluid: Freon RII3
Container Materials: experiment cell: unknown; heater surface
material: "...a two-layer glass plate upon which gold [had] been
steamed." (1, p. 36, translation)
Experiment/Material Applications:
See Straub, TEXUS 3b.
References/Applicable Publications:
(1) Straub, J. and Zell, M.: Einzelblase. In BMFT/DFVLR TEXUS
13-16 Abschlussbericht, 1988, pp. 36-40. (post-flight; in
German)
(2) Single Bubble. In Summary of Sounding Rocket Experiments in
Fluid Science and Materials Sciences, ESA SP-1132, February 1991,
pp. 108-109. (post-flight)
(3) Input received from B. Vogel (Technische Universit_t,
Munich), August 1993.
<Note: See the ,,References/Applicable Publications" section under
Straub, TEXUS 11 for additional publications which may be ap-
plicable to this experiment.>
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Contact(s):
Prof. Dr.-Ing. habil Johannes Straub or M. Zell
LATTUM
Technische Universit_t M_nchen
Arcisstrasse 21
80290 M_nchen
Germany
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Principal Investigator(s): Riepl, H. (1)
Co-Investigator (s} : Kayser-Threde GmbH/Klett, R.
(Contributor/Customer) (2)
Affiliation(s): (1) When experiment was proposed: High School
Student, During STS-007: Technical University of Munich, Federal
Republic of Germany, Currently: Unknown, Possibly Technical
University of Munich; (2) Munich, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #7, STS-007 (STS 31-C, Challenger)
Launch Date/Expt. Date: June 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: High School Student Experiment
NASA Get Away Special (GAS) Canister G-002
Volume of Canister: 5.0 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of G-002: German Youth Fair/Kayser-
Threde, Munich, Germany
Processing Facility: Small isothermal furnace facility housing
four specimen cartridges
Builder of Processing Facility: Kayser-Threde GmbH, Munich, Ger-
many
Experiment:
Nickel Catalyst
"Nickel formiate is decomposed to elementary nickel, when it is
heated to temperatures... [over] 206 °C. This reaction is used
to prepare a catalyst, able to perform hydrogenations of C=C
double bonds and some other chemical species." (4, p. 359)
On Earth, the resultant surface of the nickel is a function of
many parameters, including (i) the composition and purity of the
solvent and (2) the diffusion and convection of the reaction
partners. In space, the convection contribution should be
reduced, possibly producing catalysts with improved properties.
This experiment was one of five investigations housed within the
G-002 Get Away Special canister on STS-007. One other experiment
(of the five) was applicable to this data base (see Pascherat,
STS-007 (Chapter 8)).
The objective the research was to compare the physical and chemi-
cal properties of a nickel catalyst prepared (i) during the low-
gravity shuttle mission and (2) during ground-based testing.
Prior to the shuttle launch, four nickel cartridges were con-
figured within a single 55 W isothermal furnace. Reference (4)
indicated that each cartridge contained "...potassium hydroxide
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and one of... two kinds of nickel formiate." (4, p. 359) The
potassium hydroxide was used to (i) conserve the suspension, (2)
absorb gases resulting from the decomposition, and (3) (thus) in-
hibit the formation of bubbles (which are disturbing to the
transport of the reaction material). <Note: In contrast to
Reference (4), Reference (2) indicated that in an effort to avoid
moisture, each cartridge contained a mixture of (i) either potas-
sium hydroxide/nickel formiate or sodium hydroxide/nickel for-
miate and (2) dry nitrogen. G. Schmitt (of Kayser-Threde)
reported that Reference (4) (not Reference (2)) had correctly
identified the chosen materials.>
References (2) and (4) also differ slightly on the reported
processing temperatures. It appears that during the first hour
of the shuttle experiment, all four cartridges were slowl_ heated
from approximately i0 °C through the melting point (160 _C), and
then heated to the decomposition point of nickel formiate (206
°C). (The inner samples appear to have been heated even more (215
°C) because of the available heat capacity of this section of the
furnace.) After this initial hour of heating was completed, the
furnace was turned off and the cartridges cooled passively. It
appears that the samples reached a temperature of 160 °C in about
45 minutes. At this temperature, the samples resolidified,
preserving the suspension which had occurred during the low-
gravity experiment.
Analysis of the GAS payload indicated that the furnace performed
as predicted and the experiment "worked perfectly." Space-
processed samples were compared to Earth-processed samples using
a number of methods including the measurement of (i) hydrogen
peroxide decomposition and (2) stereoselective hydrogenation with
hydrazine. These analyses indicated that an "abnormal thermal
behavior" existed in the low-gravity processed catalyst. (Further
details on this analysis can be found in Reference (4), pp. 360-
363.) An X-ray scattering diagram of the finely divided form of
the low-gravity catalyst illustrated three peaks. "Two of them
belong to the well-known crystal structure of nickel, the third
one is unknown." (4, p. 361) A similar diagram of the ter-
restrial sample illustrated only two main peaks.
Raster electronmicroscopic photos of the space and terrestrial
catalysts indicated that, in general, the "...shape of the nickel
catalysts... [was] plate like, with hexagonal structure. The
plates or cubes... [were] built up in layers, like a geological
sediment." (4, p. 363) From this visual inspection, significant
differences between the space-processed and Earth-processed
samples could not be found. However, when "...etching a probe of
the catalyst with argon ions, 45 minutes, for example in a Bal-
zers high vacuum ion etching machine, and monitoring afterwards,
the fine divided form reveals a characteristic structure on its
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surface." (4, p. 363) Although it is unclear from the available
reference (Reference (4)) it appears that the low-gravity
catalyst exhibits a structure which is "...centered in the grains
and follows disturbances of the margin. Lines in a concentric
arrow are microscopically often frontiers of concentric terraces,
piled up over each other. The center of the arrangement is a
thick 'mountain' ....
"The step height of the terrace is very small and it is possible,
that these terraces are not real. They can be otherwise induced
fluctuations in the back scattered secondary electrons,
originated by regions of other structure." (4, p. 363) In con-
trast, the etched terrestrial sample did not exhibit a concentric
structure.
Reference (2) (very briefly) reported that the "space processed
catalysts experience higher efficiency". (2, p. 139) <Note: Ef-
ficiency was not defined in the reference.>
It was concluded that the microgravity-processed catalyst il-
lustrated an abnormal thermal behavior and abnormal kinetic data.
Key Words: Physical Chemistry, Melt and Solidification,
Catalysts, Suspension, Decomposition, Solvent, Bubble Formation,
Buoyancy-Driven Convection, Diffusion, Isothermal Processing,
Passive Cooling, Sample Purity, Crystalline Structure, Platelike
Structure, Surface Morphology, Grain Structure, Composition Dis-
tribution
Number of Samples: four
Sample Materials: potassium hydroxide and one of two kinds of
nickel formiate
Container Materials: nickel
(Ni*)
Experiment/Material Applications:
Low-gravity manufacturing of nickel catalysts was expected to
produce higher quality catalysts with improved properties.
The reasons why potassium hydroxide was used are detailed above.
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References/Applicable Publications:
(i) Cargo Systems Manual: GAS Annex for STS-7. JSC-17645 Annex
STS-7, April i, 1983. (short description; preflight)
(2) Schmitt, G.: The G-002 JUFO-I Payload, Its Objectives and
Results. In NASA Goddard Space Flight Center's Get Away Special
Experimenter's Symposium, August 1-2, 1984, pp. 135-142, NASA CP-
2324. (post-flight)
(3) STS-7 Seventh Space Shuttle Mission, NASA Press Kit, June
1983, p. 55. (short description; preflight)
(4) Riepl, H.: Physical and Chemical Properties of a Nickel
Catalyst Processed Under Microgravity. In Proceedings of the 5th
Symposium on Material Sciences Under Microgravity, Schloss Elmau,
November 5-7, 1984, ESA SP-222, pp. 359-363. (post-flight)
(5) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR 87-11, October 2, 1987. (Get Away Special canister mission
history)
(6) Input received from K. Kemmerle, December 1989.
(7) "STS-7 Getaway Specials," NASA News, NASA/GSFC, May 1983.
(8) Input received from G. Schmitt (Kayser-Threde), July 1993.
contact(s):
Mr. Reiner Klett, Dr. K. Kemmerle, G. Schmitt
Kayser-Threde & Company
8000 M6nchen 70
Wolfratshauser Street 44-48
Germany
H. Riepl
Unclear, possibly:
Technische Uni M6nchen
D-8000 M_nchen 2
Germany
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Principal Investigator(s): Gadsden, M. (1)
Co-Investigator(s): Megill, L. R. (Payload Manager and
Contributor) (2), Busboso, E. (NASA Technical Manager) (3)
Affiliation(s): (1) University of Aberdeen, Aberdeen, Scotland;
(2) During STS-011: Utah State University Faculty, Logan, Utah,
Currently: ARME Enterprises, Hyrum, Utah; (3) NASA Goddard Space
Flight Center (GSFC), Greenbelt, Maryland
Experiment Origin: Scotland
Mission: STS Launch #10, STS-011 (STS 41-B Challenger)
Launch Date/Expt. Date: February 1984
Launched From: NASA Kennedy Space Center, Florida
Payload Type: NASA Get Away Special (GAS) Canister G-004
Volume of Canister: 2.5 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of this Experiment Within G-004:
University of Aberdeen, Scotland
Processing Facility: Evacuated aluminum chamber containing small
glass cylinders
Builder of Processing Facility: University of Aberdeen Workshop,
Aberdeen, Scotland
Experiment:
Three Dimensional Brownian Motion
This experiment was one of six investigations housed within the
G-004 Get Away Special canister during STS-011. Three other ex-
periments (of the six) were applicable to this data base (see
Kitaura, T., STS-011 (Chapter 2); Thomas, S., STS-011 (Chapter
12); Gadsden, M. "Stability of Materials-Residual Acceleration
Measurements," STS-011 (Chapter 18)).
Reportedly, the objective of the experiment was to "...measure
the mean rotational speed of small glass cylinders suspended in a
low pressure gas" [i.e., three-dimensional Brownian motion]. (3,
p. 4)
On Earth, such an experiment would be difficult to perform be-
cause (i) the cylinders would have to be large enough to be
visible and (2) the gas pressure would have to "...be low enough
for the mean free path of the gas molecules to be greater than
the length of the cylinders." (3, p. 4) In such a terrestrial
experiment, the cylinders would fall essentially unhindered to
the bottom of the experimental container.
The experimental apparatus consisted of "A small evacuated cham-
ber containing a number of glass cylinders 1 mm long and 0.02 mm
diameter .... A computer-controlled flashlight was arranged to
give 60 flashes, equally spaced over a period of 30 seconds.
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[During the mission] A camera (without a shutter) recorded the
movement of the suspended cylinders by the multiflash technique
familiar to photographers.
"Images of several cylinders were...[obtained] and all the
photographic arrangements worked well, with some fogging of the
film over the nine months between loading the film in the summer
of 1983, and the Shuttle flight with subsequent development of
the film in spring of 1984..." (3, p. 4)
Analysis of the film indicated the cylinders turned more slowly
than the rate predicted by theoretical analysis. It was deter-
mined that a higher than expected pressure in the chamber con-
tributed to this slow rate of rotation. This higher pressure ap-
pears to have been caused by a tiny leak in the vacuum tight
joints. "What was of interest was to learn that the vibration
and acceleration of the Shuttle during the 30-second operating
period is quite undetectable in this experiment." (3, p. 4)
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Physical Chemistry, Brownian Motion, Suspension of
Particles, Particle Motion, Acceleration Effects,
Accelerations/Vibrations Produced by Onboard Equipment, Vacuum,
Photographic Difficulties
Number of Samples: One evacuated chamber; a number of glass
cylinders
Sample Materials: glass cylinders
Container Materials: aluminum
(AI*)
Experiment/Material Applications:
Unspecified.
References/Applicable Publications:
(i) Cargo Systems Manual: GAS Annex for STS-II, JSC-17645 Annex
STS-11, December 2, 1983. (mention of experiment only;
preflight)
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(2) Student Gas Program Internal Document, Utah State University,
Logan Utah, 1984.
(3) Letter From Michael Gadsden (Dept. of Natural Philosophy,
Aberdeen University, Aberdeen, Scotland) to L. Rex Megill (Utah
State University Student GAS Program Manager, Logan, Utah) which
included a short report by Thomson, D. A. entitled: Getaway Spe-
cial Undergraduate Project-Brownian Motion (Rotation)
(Preliminary Results of University of Aberdeen's G-004
Experiments). (post-flight)
(4) Getaway Special (GAS) Payloads. In Goddard Space Flight
Center's Engineering Newsletter, Vol. 2, No. 3, April 1984, Pub-
lished by the Engineering Directorate, p. 8. (very short summary)
(5) STS-II Getaway Special Payload Descriptions, NASA News, NASA
GSFC 1984.
(6) NASA Press Kit, Mission 41-B, p. 27. (preflight)
(7) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special canister mission
history)
(8) Input received from Experiment Investigator, July 1993.
Contact(s):
Dr. Michael Gadsden
Physics Unit
Aberdeen University
Aberdeen AB9 2UE
Scotland
United Kingdom
Rex Megill
ARME Enterprises
96 South i00 West
Hyrum, UT 84319
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Principal Investigator(s): Kedzierski, M. (i)
Co-Investigator(s): Birman, B. (Program Manager) (2), General
Electric Space Division (Sponsor and Contributor) (3)
Affiliation(s): (1) During STS 61-C: Pennsylvania State Univer-
sity, University Park, Pennsylvania, Currently: Unknown; (2)
General Electric Space Division, Philadelphia, Pennsylvania; (3)
Philadelphia, Pennsylvania
Experiment Origin: USA
Mission: STS Launch #24, STS-032 (STS 61-C, Columbia)
Launch Date/Expt. Date: January 1986
Launched From: NASA Kennedy Space Center, Florida
Payload Type: College Student Experiment
NASA Get Away Special (GAS) Canister G-062
Volume of Canister: 2.5 cubic feet
Location of Canister: STS Payload Bay (on the standard NASA GAS
bridge carrier system)
Primary Developer/Sponsor of G-062: Pennsylvania State Univer-
sity, University Park, Pennsylvania/GE Space Division, Philadel-
phia (Valley Forge), Pennsylvania
Processing Facility: The expected experiment configuration was to
consist of three concentric cylinders (the inner cylinder con-
taining a resistive heat source)
Builder of Processing Facility: Principal Investigator M. Ked-
zierski, Pennsylvania State University, University Park,
Philadelphia, Pennsylvania
Experiment:
Convection Experiment
Radiation, conduction, and convection simultaneously contribute
to the overall heat transfer of fluids and materials systems. It
therefore becomes difficult to separate the individual heat
transfer contributions of each mode in a terrestrial-based sys-
tem. In a space environment, however, the convective, gravity-
driven mode is greatly reduced, and heat transfer should be
primarily governed by the conductive and radiative contributions.
The objective of this research was to determine the role of
gravity-driven convection in the overall heat transfer in Earth-
based systems. The experiment was one of three investigations
housed within the G-062 Get Away Special canister during STS-032.
Two other experiments (of the three) were also applicable to this
data base (see Rice, J., STS-032 Chapter 12); Thames, M., STS-032
(Chapter 12)). <Note: References (2) and (3) listed a fourth
experiment in the canister: "Liquid Droplet Heat Radiator Experi-
ment." However, it appears that this fourth experiment was can-
celed prior to the shuttle flight and that the canister was con-
figured with only the three mentioned experiments.>
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A description of the actual inflight experimental setup and pro-
cedure could not be located at this time. A document released
prior to the shuttle flight described the expected experimental
setup:
"The experiment consists of three concentric cylinders. The in-
ner cylinder contains a resistive heat source that will heat oil
between the inner and middle cylinders. There will exist a par-
tial vacuum between the middle and outer cylinders. The tempera-
ture measurements will be spatially recorded by 16 high sen-
sitivity thermobeads. Heat transfer will be measured, and after
comparison to one-G results, the effect of convection in heat
transfer will be determined." (i, p. 3)
Reference (3) (a document published after STS 61-C returned to
Earth) briefly noted that either the canister or the G-062 ex-
periments <it is unclear which> "Failed to turn on." The
reference further noted that "The batteries tested fine after
return to Earth. Suspect a relay or controller problem." (3, p.
37)
<Note: It is unclear what batteries tested fine after the return
of the shuttle. The only other reference to "batteries" in the
available publications was in Reference (i) and is of note. "The
electrical power will be supplied by an array of Gates Lead-Acid
cells. These cells were chosen due to their consistent safety
characteristics in space, a prime concern of NASA. NASA has im-
posed a three month waiting period prior to launch, which
seriously affects the power capacity prior to launch. Due to
these and other factors, low power CMOS circuitry was used
throughout the design." (i, p. 5)>
<Note: It is suspected that due to the above mentioned anomaly (a
turn-on failure), no experimental data were obtained.>
No further information describing the experimental setup,
suspected experimental timeline, failure analysis, or experimen-
tal results could be located at this time.
Key Words: Physical Chemistry, Buoyancy-Driven Convection, Resis-
tance Heating, Conduction, Radiation, Heat Transfer, Vacuum, Con-
tained Fluids, Hardware Malfunction, Sample Not Processed As
Planned
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Number of Samples: unclear, appears one
Sample Materials: oil
Container Materials: unknown
Experiment/Material Applications:
No specific application of this research was cited. However, un-
derstanding the nature of convective flow and/or heat transfer
is a basic goal of most space experiments. During terrestrial
experiments, convective flow occurs in many fluid systems (e.g.,
crystal growth melts, metallic melts, etc.).
References/Appllcable Publications:
(i) Thames, M., Moul, D., and Birman, B.: Penn State Get Away
Special G-62. In NASA Goddard Space Flight Center's 1984 Get
Away Special Experimenter's Symposium, August 1-2, 1984, pp. 1-8,
NASA CP-2324. (preflight)
(2) NASA Space Shuttle Mission 61-C Press Kit, December 1985, p.
16. (preflight; very short description)
(3) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR 87-11, October 2, 1987. (Get Away Special canister mission
history)
Contact(s):
M. Thames, B. Birman
GE Space Division
P.O. Box 8555
Philadelphia, PA 19101
Tom Seliga
Penn State University
College of Engineering
i01 Hammond
University Park, PA 16802
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Principal Investigator(s): Richter, J. (1), Kirschbaum, E. (2)
Co-Investigator(s): None
Affiliation(s): (1,2) Center for Physical Chemistry under
Microgravity (CPC-_g, RWTH Aachen), Institute for Physical
Chemistry of RWTH Aachen, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 14A
Launch Date/Expt. Date: May 1986
Launched From= ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-7:
Ultrasound Absorption Cell (The cell included an isothermal fur-
nace for sample melting, a stationary wave generation system to
produce ultrasonic waves, and a laser to permit sound absorption
measurements.)
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Ultrasonic Absorption in Molten Salts
When ultrasound waves are absorbed in liquids, periodic pressure
and temperature changes in the fluid result in molecular
processes within the system. One of these processes is a struc-
tural transformation of the liquid. Sound attenuation is re-
lated, (in part), to internal friction and heat conduction. It
follows that both the friction and heat are linked to the volume
viscosity. Experimental determination of this viscosity is pos-
sible only by sound absorption measurements. On Earth, convec-
tive flows in the melt hamper measurements of the ultrasound ab-
sorption coefficients.
This TEXUS 14a experiment was the first in a series of investiga-
tions designed by Richter et al. to study the ultrasonic absorp-
tion of molten salts. The specific objective of the experiment
was to use an improved Debye and Sears sound lattice method to
determine ultrasound absorption coefficients of pure molten sil-
ver nitrate. (This ion melt has a more simple stature than
watery solutions and thus, makes structural investigations more
easy to clarify.)
During the experiment, a periodic sound wave of 25 MHz generated
periodic density fluctuations in the 275 °C melt. Such fluctua-
tions represented a phase grid for a laser directed perpendicular
to the soundwave and through the grid. If convection had been
absent from the fluid, the bending of the laser beam would have
been proportional to the intensity of the sound, and an absorp-
tion measurement could have been made.
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Although the experiment proceeded as planned, an atypical wob-
bling motion of the sounding rocket produced a higher than ex-
pected low-gravity environment. This environment produced a high
degree of convection in the system. Reportedly, however, the
successful functioning of the module was proved.
Key Words: Physical Chemistry, Molten Salts, Melt and Solidifica-
tion, Ultrasonic Waves, Ultrasonic Absorption, Sound Absorption
Measurements, Sound Attenuation, Sound Lattice Method, Sound Grid
Method, Debye-Sears-Effect, Structural Transformation, Buoyancy-
Driven Convection, Density Distribution, Heat Conduction, Vis-
cosity, Laser Light Scattering, Laser Beam Diffraction, Rocket
Motion, Acceleration Effects
Number of samples: one
Sample Materials: pure silver nitrate melt
(Ag*N*O*)
Container Materials: unknown
Experiment/Material Applications:
On Earth, measurements of molten-salt ultrasound absorption coef-
ficients are difficult to perform using the sound grid method.
Stray laser light, (which seriously impairs an accurate measure-
ment of light intensity) is produced by the convective currents
in the melt. The low-gravity environment allows investigation
of such coefficients under reduced convective conditions. In ad-
dition the investigations provide reference data for ground-based
experiments.
References/Applicable Publications:
(i) Experimentmodul TEM 06-7. In BMFT/DFVLR TEXUS 13-16
Abschlussbericht 1988, p. 103. (in German; experiment module)
(2) Kirschbaum, E. and Richter, J.: Bestimmung der Schall-
absorption von Salzschmelzen durch Beobachtung des DEBYE-SEARS
Effektes. In BMFT/DFVLR TEXUS 13-16 Abschlussbericht 1988, pp.
104-106. (in German; post-flight)
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(3) Richter, J., Kirschbaum, E., Merkens, W., and Vogt, M.:
Microgravity Effects on Ultrasonic Absorption in Molten Salts.
In ESA SP-295, October 1989, p. 481.
(4) Fuchs, B., Fuchs, W., Kirschbaum, E., and Richter, J.: Mes-
sung der Volumenviskosit_t von bin_ren Salzschmelzen unter
Schwerelosigkeit. Final Report BMFT (1986).
(5) Kirschbaum, E. and Richter, J.: Bestimmung der Schallabsorp-
tion von Salzschmelzen durch optische Beobachtung des Debye-
Sears-Effecktes. Final Report TEXUS 13/14. <Note: The year this
document was published is unclear at this time.>
(6) Kirschbaum, E.: Bestimmung der Ultaschallabsorption in
Salzschmelzen unter verminderter Schwerkraft. Thesis, RWTH Aachen
(1988).
(7) Input received from Experiment Investigator, August 1989.
(8) Input received from K. M. Schefold (CPC-Bg, RWTH Aachen),
August 1993.
Contact(s):
Prof. Dr. J. Richter, Dr. W. Merkens
Centrum f_r Physikalische Chemie unter Mikrogravitation
(CPC-_g, RWTH Aachen)
Templergraben 59
D-52056 Aachen
Germany
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Principal Investigator(s): Richter, J. (1), Kirschbaum, E. (2)
Co-Investigator(s): None
Affiliation(s): (1,2) Center for Physical Chemistry Under
Microgravity (CPC-_g, RWTH Aachen), Institute for Physical
Chemistry of RWTH Aachen, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 14B
Launch Date/Expt. Date: May 1987
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-7: Ultrasound
Absorption Cell (The cell included an isothermal furnace for
sample melting, a stationary wave generation system to produce
ultrasonic waves, and a laser to permit absorption measurements.
The module was modified post TEXUS 14a to monitor melt charac-
teristics during rocket countdown.)
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Ultrasonic Absorption in Molten Salts
"An acoustic wave in a medium is absorbed and dissipated by inner
friction, heat conduction, thermal radiation, relaxation
processes, and chemical reactions. However, the classical theory
only considers shear viscosity and heat conduction. The other
effects are usually summarized under the phenomenological term
'volume viscosity.' The experimental determination of the volume
viscosity can thus give insights into the process of relaxation
and chemical reactions, provided that the frequency of the
relaxation is higher than the frequency of the transmitted sound
wave.
"Ultrasound absorption measurements can be performed using the
Debye Sears optical method .... The intensity of the first order
diffraction of the laser beam is proportional to the sound inten-
sity in the melt. With the relation: I(x) = Io exp (-2[alpha]x)
where I(x) is the sound intensity in the melt at a distance x
from a source of intensity Io, one can deduce the absorption
coefficient [alpha]. Also, the sound velocity can be deduced
from the distance between the +I. and -i. orders. To avoid wall
effects, this method requires a large volume of melt where, on
Earth, convective flows cannot be avoided. These flows cause ad-
ditional and unstable diffraction effects which impede a
proper... [focusing] of the beam on the detection diode, which
then yields lower intensity measurements and thus higher absorp-
tion values. The longer the distance from the source, the higher
the cumulated disturbance effect, i.e. that even the slope of the
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curve Ln(I) versus x, and thus [alpha], cannot be reliably deter-
mined." (6, p. ii0)
This TEXUS 14B experiment was the second in a series of inves-
tigations designed by Richter et al. to study the ultrasonic ab-
sorption of molten salts (see Richter, TEXUS 14A). The specific
objective of the experiment was to use the improved Debye and
Sears sound lattice method to determine the ultrasonic absorption
of the binary salt melt rubidium nitrate + silver nitrate (33.3%
by mol of AgNO 3 and 66.6% by mol of RbN03).
During the mission, a periodic sound wave of 25 MHz generated pe-
riodic density fluctuations in the 230 °C melt. An absorption
measurement was made by examining the laser intensity through the
fluid and relating it to the intensity of the sound.
Reportedly, although a lower sound absorption under microgravity
was expected, a 20% higher sound absorption was measured. "This
difference was well beyond the accuracy of the method. This was
contrary to expectations, since the absence of convection should
have led to higher intensities and thus lower absorption values."
(6, p. ii0)
No further information concerning this experiment could be lo-
cated at this time. <Note: References (3) and (4) (as listed
below) could not be located at this time.>
Key Words: Physical Chemistry, Melt and Solidification, Molten
Salts, Binary Systems, Ultrasonic Waves, Ultrasonic Absorption,
Sound Absorption Measurements, Sound Attenuation, Relaxation
processes, Sound Lattice Method, Debye-Sears-Effect, Structural
Transformation, Buoyancy-Driven Convection, Density Distribution,
Conduction, Heat Conduction, Radiation, Viscosity, Laser Light
Scattering, Laser Beam Diffraction, Wall Effect
Number of Samples: one
Sample Materials: binary salt melt from 33.3% by mol of silver
nitrate and 66.6% by mol of rubidium nitrate
(Rb*N*O*Ag*N*O*)
Container Materials: unknown
Experiment/Material Applications:
See Richter, TEXUS 14A.
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References/Applicable Publications:
(1) Experimentmodul TEM 06-7. In BMFT/DFVLR TEXUS 13-16
Abschlussbericht 1988, p. 103. (in German; experiment module)
(2) Kirschbaum, E. and Richter, J.: Bestimmung der Schall-
absorption von Salzschmelzen durch Beobachtung des DEBYE-SEARS-
Effektes. In BMFT/DFVLR TEXUS 13-16 Abschlussbericht 1988, pp.
104-106. (in German; post-flight)
(3) Kirschbaum, E. and Richter, J.: Bestimmung der Schallabsorp-
tion von Salzschmelzen durch optische Beobachtung des Debye-
Sears-Effektes. Final Report TEXUS 13/14. (in German) <Note:
The date this paper was published is unclear at this time.>
(4) Kirschbaum, E.: Bestimmung der Ultraschallabsorption in
Salzschmelzen unter verminderter Schwerkraft. Thesis, RWTH
Aachen (1988). (in German)
(5) Input received from Experiment Investigator, August 1989.
(6) Ultrasound Absorption in Molten Salts. In Summary Review of
Sounding Rocket Experiments in Fluid Science and Materials
Sciences, ESA SP-I132, February 1991, pp. ii0-ii. (post-flight)
(7) Input received from K. M. Schefold (CPC-_g, RWTH Aachen),
August 1993.
Contact(s):
Prof. Dr. J. Richter, Dr. W. Merkens
Centrum f_r Physikalische Chemie unter Mikrogravitation
(CPC-_g, RWTH Aachen)
Templergraben 59
D-52056 Aachen
Germany
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Principal Investigator(s}: Richter, J. (1), Kirschbaum, E. (2),
Rejek, E. (3)
Co-Investigator(s): None
Affiliation(s): (1,2,3) Center for Physical Chemistry Under
Microgravity (CPC-_g, RWTH Aachen), Institute for Physical
Chemistry of RWTH Aachen, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 17
Launch Date/Expt. Date: May 1988
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-7: Ultrasound
Absorption Cell
Builder of Processing Facility: Messerschmitt-Boelkow-Blohm
(MBB/ERNO), Bremen, Germany
Experiment:
Ultrasonic Absorption in Molten Salts
This TEXUS 17 experiment was the third in a series of investiga-
tions designed by Richter et al. to study the ultrasonic absorp-
tion of molten salts (see Richter, TEXUS 14A, TEXUS 14B). The
specific objective of the experiment was to use the improved
Debye and Sears sound lattice method to determine the ultrasonic
absorption of the binary salt melt rubidium nitrate + silver
nitrate (50% by mol of RbNO 3 and 50% by mol of AgN03).
During the mission, a periodic sound wave of 25 MHz generated pe-
riodic density fluctuations in the 230 °C melt. An absorption
measurement was made by examining the laser intensity through the
fluid and relating it to the intensity of the sound.
Reportedly, "When compared with ground results, the flight
results showed again that a higher absorption of ultrasound (25
MHz) occurred in microgravity. The absorption coefficient
deduced from the flight measurements was 14% higher than the one
obtained on Earth, which was in agreement with the previous space
results.
"These values cannot be explained as the result of the absence of
convection in microgravity. In addition, the ground results were
confirmed by using two different methods: the Debye Sears method
and the Pulse-Transmission method and by performing measurements
with the laboratory equipment (both methods) and in the flight
module on the ground (Debye-Sears method). It is therefore
believed that the higher absorption was strictly a microgravity
effect whose further study may allow some insights into the
structure of liquids." (3, p. 112)
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<Note: Reference (4) was not available to aid in the preparation
of this experiment summary. Efforts are being made to procure
the document at this time.>
Key Words: Physical Chemistry, Melt and Solidification, Molten
Salts, Binary Systems, Ultrasonic Waves, Ultrasonic Absorption,
Sound Absorption Measurements, Sound Attenuation, Sound Lattice
Method, Debye-Sears-Effect, Structural Transformation, Buoyancy-
Driven Convection, Density Distribution, Conduction, Heat Conduc-
tion, Radiation, Viscosity, Laser Light Scattering, Laser Beam
Diffraction, Wall Effect
Number of Samples: one
Sample Materials: rubidium nitrate + silver nitrate melt from 50%
by mol of RbNO 3 and 50 by mol of AgNO 3
(Rb*N*O*, Ag*N*O*)
Container Materials: unknown
Experiment/Material Applications:
See Richter, TEXUS 14A.
References/Applicable Publications:
(i) Richter, J. and Behret, H.: Physical Chemistry-Overview and
Selected Experiments. In Fluid Science and Materials Science in
Space, edited by Walter, H. U., Springer Verlag, 1987, pp. 141-
156. (related topics only)
(2) Input received from Experiment Investigator, August 1989.
(3) Ultrasound Absorption in Molten Salts. In Summary Review of
Sounding Rocket Experiments In Fluid Science and Materials
Sciences, ESA SP-I132, February 1991, pp. 112-113. (postflight)
(4) Kirschbaum et al.: Microgravity Effects on Ultrasonic absorp-
tion in Molten Salts. In the 7th European Symposium on Material
and Fluid Sciences in Microgravity, ESA SP-295, October 1989, pp.
481-484.
(5) Input received from K. M. Schefold (CPC-_g, RWTH Aachen),
August 1993.
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Contact(s):
Prof. Dr. J. Richter, Dr. W. Merkens
Centrum f_r Physikalische Chemie unter Mikrogravitation
(CPC-#g, RWTH Aachen)
Templergraben 59
D-52056 Aachen
Germany
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Principal Investigator(s): Aalto, S. (1)
Co-Investigator(s): Chalmers Aerospace Club (2), Hedva11, K. (3),
Students (4)
Affiliation(s): (1-4) Chalmers University of Technology (CUT),
Goteborg, Sweden
Experiment Origin: Sweden
Mission: MASER 1
Launch Date/Expt. Date: March 1987
Launched From: Esrange, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment; College Student Experi-
ment
Processing Facility: Fluid Science Module (FSM)
Builder of Processing Facility: Saab Space, AB, Link6ping, Sweden
Experiment:
Thermal Conductivity of Electrically Non-conductinq Liquids
Accurate thermal conductivity measurements (due to diffusion
alone) are difficult to obtain in terrestrial fluids systems. On
Earth, the overall heat transfer of the system is dependent on
both gravity-independent diffusive forces and gravity-dependent
convective forces. In a low-gravity environment, superior ther-
mal conductivity characterization is expected because heated liq-
uid systems should exhibit purely diffusive heat transfer.
This MASER 1 experiment was designed to measure the thermal con-
ductivity of an electrically non-conducting liquid using a tran-
sient hot wire technique.
Two fluid cells within the MASER Fluid Science Module (FSM) were
dedicated to the experiment. <Note: It is unclear if these cells
were cylindrical, three-dimensional rectangular, or two-
dimensional rectangular, although they appear to have been
cylindrical.> Prior to the flight, each cell was filled with
pure ethanol and configured with a 50-micron diameter platinum
(hot) wire. The wire stretched down the center, vertical (long)
axis of the cell.
<Note: Although it was reported that one cell was "preheated" to
30 °C and the other to 50 °C, it is unclear if this heating was
initiated prior to the start of the low-gravity phase or after
the low-gravity phase had been obtained. (It appears that the
liquid in each cell was warmed by an outer, concentric cylindri-
cal heater (the same length as the cell)).>
During the experiment, a constant current was passed through the
wires. Thermal conductivity measurements were derived from volt-
age drops which occurred across the 100-mm measuring length of
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the wire. The temperature in the liquid was measured by two
thermocouples located near the wire.
Although pure conduction was expected, data from the "30 °C cell"
indicated that an abrupt change in wire temperature occurred
"after 120 seconds." <Note: It appears "after 120 seconds"
means 120 seconds after the initial preheating of the cell.> The
wire temperature later oscillated.
These results were further detailed in Reference (7):
"The data obtained with the 30 °C cell were normalized to dimen-
sionless data with a value of heat conductivity taking into ac-
count the aging of the liquid which had been carefully evaluated.
These data were compared to those one should obtain in the ideal
case ....
"The difference between the data at the very beginning originated
in the heating of the wire itself. Then, up to 13 s, the data
were in good agreement, thereby yielding the value of the heat
conductivity of ethanol: 0.179... [+/-] 0.0045 W/Km at 28 °C.
After 13 s, there was a slight change in slope and after 120 s,
the wire temperature decreased drastically. This was interpreted
as the result of the onset of a convective regime probably in-
duced by the accumulation of the effects of the radial component
of the residual accelerations of the rocket." (7, p. 114)
In the "50 °C cell," a similar deviation from pure conduction was
observed as well as the wire temperature oscillation.
Reportedly, because this cell had a slight leak, this data was
thought to be "less relevant."
Because similar (preflight) terrestrial experiments had il-
lustrated a high degree of data measurement reproducibility, it
was suspected that no malfunction of the cell/electronic system
had taken place. It was reported (Reference (4)) that the devia-
tion in wire temperature was to be further investigated.
No other information concerning the results of this experiment
could be located at this time.
Key Words: Physical Chemistry, Diffusion, Diffusive Mass Trans-
fer, Thermal Conductivity Measurements, Transparent Liquids,
Buoyancy-Driven Convection, Hot-Wire Technique, Electric Field,
Thermal Oscillations, Contained Fluids, Liquid Leakage, Accelera-
tion Effects, Rocket Motion
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Number of Samples: two
Sample Materials: pure ethanol
Container Materials: plastic
Experiment/Material Applications:
No direct application of this research was presented. However,
accurate thermal conductivity measurements are required for a
number of fluids and materials science applications.
References/Applicable Publications:
(i) Zaar, J. and Anggard, K.: Maser and Its Effectiveness and
Experimental Results. In: In Space '87, Japan Space Utilization
Promotion Center (JSUP), October 13-14, 1987. (post-flight;
short description)
(2) J6nsson, R.: The Microgravity Program in Sweden - Emphasis
on the Materials Rocket Maser. In 15th International Symposium
on Space Technology and Science, Tokyo, Japan, May 19-23, 1986,
Vol. 2, pp. 2099-2110. (preflight)
(3) Zaar, J., Bjorn, L., and J6nsson, R.: Preliminary MASER 1
Results and the Evolution of the MASER Programme. In Proceedings
of the 8th ESA Symposium on European Rocket and Balloon
Programmes and Related Research, Sunne, Sweden, May 17-23, 1987,
ESA SP-270, pp. 359-361. (post-flight; very short description)
°
(4) Grunditz, H.: Flight Results of the ESA Experiment Modules
in MASER i. In Proceedings of the 8th ESA Symposium on Rocket
and Balloon Programmes and Related Research, Sunne, Sweden, May
17-23, 1987, ESA SP-270, pp. 363-367. (post-flight)
(5) Grunditz, H.: Experiment Equipment for Metallurgy and Fluid
Science Studies Under Microgravity. 37th Congress of the Inter-
national Astronautical Federation, Innsbruck, Austria, October 4-
ii, 1986. (preflight)
(6) J6nsson, R.: SSC Microgravity Sounding Rocket Program MASER.
37th Congress of the International Astronautical Federation, In-
nsbruck, Austria, October 4-11, 1986. (preflight)
(7) Thermal Conductivity of Liquids. In Summary Review of Sound-
ing Rocket Experiments in Fluid Science and Materials Sciences,
ESA SP-I132, February 1991, pp. 114-115. (post-flight)
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Contact(s):
Susan Aalto or Dr. K. Hedvall or Chalmers Aerospace Club
Chalmers University of Technology
S-41296 Goteborg
Sweden
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Principal Investigator(s): Stein, H. N. (1)
Co-Investigator(s): None
Affiliation(s): (1) Lab. Colloid Chemistry, Technische Hogeschool
Eindhoven, Eindhoven, The Netherlands
Experiment Origin: The Netherlands
Mission: TEXUS 15
Launch Date/Expt Date: May 1987
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-12
Builder of Processing Facility: ERNO, Germany
Experiment:
Colloidal Chemistry
This TEXUS 15 experiment was the first in a series of investiga-
tions designed by Stein to study colloid chemistry under low-
gravity conditions.
Information describing the specific experimental objectives and
equipment setup of this investigation could not be located at
this time.
Reportedly, shortly after the successful launch of the TEXUS
rocket, data and television transmitters experienced a partial
failure. It was discovered that a lateral burnthrough of the
second stage of the rocket had occurred, and the stage, in turn,
had collided with the prematurely separated payload. An unbraked
impact of the lower part of the payload resulted in the complete
destruction of the TEM 06-12 experiment module.
Documentation further detailing any results of this experiment
does not appear to be available.
Key Words: Physical Chemistry, Colloidal Chemistry, Coagulation,
Particle Motion, Particle Dispersion, Suspension of Particles,
Sedimentation, Solid/Liquid Interface, Payload Survivability, Ac-
celeration Effects, Rocket Failure
Number of Samples: nine
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Sample Materials: silica; quartz <Note: The employed solution (if
indeed one was employed) was not detailed. (A solution was
employed on the later TEXUS 17 mission.)>
(Si*O*)
Container Materials: unknown
Experiment/Material Applications:
See Stein, TEXUS 17.
References/Applicable Publications:
(i) Experimentelle Nutzlast und Experimente TEXUS 15. In
BMFT/DFVLR TEXUS 13-16 Abschlussbericht, 1988, pp. 107-108. (in
German; post-flight)
(2) Input received from Experiment Investigator, August 1993.
Contact(s):
H. N. Stein
Technische Hogeschool Eindhoven
Lab. Colloid Chemistry
Postbus 513
NL-5600 MB Eindhoven
The Netherlands
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Principal Investigator(s): Stein, H. N. (1)
Co-Investigator(s): Krutser, L.L.M. (2)
Affillatlon(s): (1) Lab. Colloid Chemistry, Technische Hogeschool
Eindhoven, Eindhoven, The Netherlands; (2) Unclear, possibly:
Technische Hogeschool Eindhoven, Eindhoven, The Netherlands
Experiment Origin: The Netherlands
Mission: TEXUS 17
Launch Date/Expt Date: May 1988
Launched From: ESRANGE, Kiruna, Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-12
Builder of Processing Facility: ERNO, Germany
Experiment:
Colloidal Chemistry
The rate of ortho-kinetic coagulation of particles greater than 1
micron in diameter can be described by the _od_fied van
Smoluchowski equation: dn/dt = (-16/3) [Alpha]o n a [Gamma],
where n is the number of particles per unit volume, t is time, a
is the particle radius, Gamma is the shear rate, and Alpha o is
the capture efficiency.
To determine the capture efficiency, the following must be ac-
counted for: (1) particle attraction and repulsion forces, (2)
particle deviation from a spherical shape, and (3) particle iner-
tial forces. Earth-based experimental investigations which ex-
amine the influence of the last two factors at low shear rates
are hampered by gravity-induced sedimentation of the particles.
This TEXUS 17 experiment was the second in a series of investiga-
tions designed by Stein et al. to study colloid chemistry under
low-gravity conditions (see Stein, TEXUS 15). The specific ob-
jective of the experiment was to determine the capture efficiency
of particles in a colloidal system without the interference of
gravity-induced sedimentation.
During the mission, the TEXUS Experiment Module TEM 06-12 was
used to investigate the coagulation of quartz particles (0.015
vo1.%, 1.25 micron diameter) in a 0.5 M NaCl solution. Samples
of the experimental material were contained in nine separate
cells. After homogenization of the solutions (by ultrasonic
mixing), the liquid in several of the cells was stirred with
rotating magnets. Reportedly, (1) two of the cells had a shear
rate of 0 rpm, (2) two of the cells had a shear rate of 50 rpm,
(3) two of the cells had a shear rate of 100 rpm, and (4) two of
the cells had a shear rate of 220 rpm. <Note: The 220 rpm shear
rate was confirmed by the Experiment Investigator. (Reference (1)
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indicated that a rate of 220 rpm was employed.)> A laser beam
was transmitted through each of these eight cells. (The particle
density evolution with time was determined via beam transmission
measurements.) The ninth cell, which was equipped with a cine
camera, was used to record the fluid flow patterns (within that
cell) produced by applying different shear rates. <Note: These
shear rates were not detailed.> Similar experiments were per-
formed on Earth for comparison.
<Note: Very little information concerning the post-flight
analysis of the data could be located. The following short sum-
mary of the experiment results was presented in Reference (i) and
is reproduced here nearly in its entirety. It should be noted
that the contents of this summary (as written) were not clear to
the editors.>
"Whereas the flight and ground results were comparable at 220
rpm, the light transmission measurements increased further in
microgravity (increased coagulation) than on Earth, at lower
shear rate .... Also, the shape of the [light transmission vs.
time] curves was different. That the Brownian motions are more
important in microgravity was not a satisfactory explanation of
these results and nothing indicated that the damping of the
residual flows should have been slower in the flight cells than
in the same cells on the ground." (i, p. 116)
<Note: Reference (2) was not available to aid in the preparation
of this experiment summary.>
Key Words: Physical Chemistry, Colloidal Chemistry, Coagulation,
Particle Motion, Particle Dispersion, Particle Mobility, Particle
Attraction, Particle Repulsion, Suspension of Particles, Inclu-
sion and/or Rejection of Particles, Sphericity, Solid/Liquid In-
terface, Sedimentation, Shear Rate, Ultrasonic Mixing, Liquid
Mixing, Stirring of Components, Fluid Motion Damping, Liquid
Dynamic Response, Brownian Motion, Laser Light Scattering, Con-
tained Fluids
Number of Samples: nine
Sample Materials: 0.015 vol.% quartz particles (1.25 microns in
diameter) in a 0.5 M NaCl solution
(Si*O*, Na*CI*)
Container Materials: unknown
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Experiment/Material Applications:
See Experiment summary (above).
The reasons why the quartz particles and NaCl solution were
selected for this experiment were not presented in the available
publications.
References/Applicable Publications:
(i) Colloid Chemistry. In Summary Review of Sounding Rocket Ex-
periments in Fluid Science and Materials Sciences, TEXUS 1 to 20,
MASER 1 and 2, ESA SP-I132, February 1991, pp. 116-117. (post-
flight)
(2) Krutser, L.L.M.: The Influence of Flow Type, Particle Type
and Gravity on Orthokinetic Coagulation. Ph.D. thesis. <Note:
Additional access information unavailable.>
(3) Input received from Experiment Investigator, August 1993.
(4) van Diemen, A.J.G. and Stein, H. N.: Coagulation of S/L Dis-
persions Under Microgravity Conditions: Status Report 1.11.1986.
Proc. of the 6th European Symposium on Material Sciences Under
Microgravity Conditions, Bordeaux, France, December 2-5, 1986,
ESA SP-256, pp. 173-177. (preflight)
Contact(s):
H. N. Stein
Technische Hogeschool Eindhoven
Lab. Colloid Chemistry
Postbus 513
NL-5600 MB Eindhoven
The Netherlands
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Principal Investlgator(s): Riley, C. (1), Abi-Akar, H. (2),
Maybee, G. W. (3)
Co-Investigator(s): None
Affiliatlon(s)= (1,2) Department of Chemistry, University of
Alabama, Huntsville, Alabama; (3) McDonnell Douglas Space System
Company, Huntsville, Alabama
Experiment Origin: USA
Mission= Consort 1 (Starfire Rocket)
Launch Date/Expt. Date: March 1989
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Eight electrodeposition cells and two
electrocodeposition cells
Builder of Processing Facility: University of Alabama in
Huntsville and McDonnell Douglas Space System Company,
Huntsville, Alabama
Experiment:
Electrodeposition of Cells/Electrocodeposition of Cells
During electrodeposition experiments performed on Earth, gravity-
induced convection currents in the electrolytic solution (i)
drive heavy ion-rich solutions (near the anode) to the bottom of
the experiment cell and (2) drive lightweight, ion-depleted solu-
tions (near the cathode) to the top of the experiment cell.
Similarly, during electrocodeposition experiments performed on
Earth (electrodeposition of metal together with an inert
constituent), fluid motion in the electrolytic solution is
produced by (i) gravity-induced convective currents (mentioned
above) and (2) gravity-induced sedimentary forces (which drive
the typically micron-sized particles (cermets) to the bottom of
the experiment cell).
Convective and sedimentary forces in these two types of experi-
ments contribute to overall crystalline microstructure of the
deposited material. In an effort to reduce these gravity-induced
flow phenomena and possibly produce improved surface coatings and
metal catalysts, electrodeposition and electrocodeposition ex-
periments were performed on the Consort 1 flight. The specific
experiment objectives included (i) examining the role of convec-
tion and sedimentation in the overall electrodeposition process,
(2) understanding how the low-gravity electrodeposition rate af-
fects the deposited crystalline structure, (3) determining if the
cermets can be suspended, dispersed, and electrocodeposited, and
(4) verifying the findings of Ehrhardt who, during his TEXUS
sounding rocket experiments, produced amorphous nickel when an
electrodeposition current of 80 ma/cm 2 was applied (see Ehrhardt,
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TEXUS 7; TEXUS 9 (this chapter)).
The experimental payload consisted of i0 small electrodeposition
cells: seven to deposit nickel, one to deposit pure cobalt, one
to codeposit nickel and diamond dust, and one to codeposit a
cobalt/Cr3C 2 composite.
Electrodeposition Experiments:
The rate of electrodepositioning of nickel was studied by passing
a variety of current densities across the seven nickel experiment
cells. During the mission, the applied voltage in four identical
cells was potentiostatically controlled in "...1.5 volt incre-
ments from 4.5 to 9.0 volts producing current fluxes that cor-
respondingly varied between approximately 35 and 85 milliamps
(ma/cm _) .... " (3, p. 8) (These values bracketed the values
Ehrhardt employed in his TEXUS experiments). The remaining three
cells (which contained nickel sulfamate) were
,,...potentiostatically controlled at 3 V, but the distance be-
tween electrodes was shortened to 1/4 that of the other cells to
reduce resistance. Also, in two of these shortened cells the
cathode to anode area ratio was decreased to 1/2 and 1/4 of that
of the... [other cell of this type] to give different
[electrodeposition] rates." (4, p. 17)
Reportedly, "The pure cobalt was deposited at 1.5 V and a pH of
4.2." (4, p. 17)
Post-flight analysis of the electrodeposition products in the
shortened cells indicated that the anticipated rate extremes had
not been achieved. It was found that the resulting surfaces
produced in the short cells were identical to those found in l-g
face centered cubic nickel.
Post-flight analysis of the four cells whose deposition rates had
been altered by changing the applied voltage indicated that these
experiments worked well and produced the results hoped for. "The
X-ray diffraction spectra of the cathode surfaces at the four
different rates... [was presented]. The lowest rate (4.5 volts
and... [approximately] 35 ma/cmZ)... [produced] the usual Face
Centered Cubic (FCC) nickel structure. As the rate progres-
sively... [increased] the nickel... [became] more X-ray
transparent. Scanning electron microscopy... [indicated] a
definite change in the granularity of the nickel surface going
from relatively large granularity to small with increasing rate.
Either the nickel... [had] deposited amorphously or in a
microcrystalline state too small for X-ray analysis. Unfor-
tunately, the expected nearest neighbor position of glassy
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(amorphous) nickel would be masked by the AU 200 diffraction."
(3, p. 8)
No discussion of the electrodeposition of pure cobalt was
presented because no difference between low-g and l-g was ap-
parent.
Electrocodeposition Experiments:
After the rocket had been launched and the low-gravity phase of
the mission had been attained, the materials in each codeposition
cell were mixed by a stirring motor for 15 seconds. "The fluid
motion in the cells was allowed i0 seconds to damp itself before
400 seconds of electrocodeposition was initiated." (Reference
(9)) The two experiment cells were photographed before stirring,
during damping, and then approximately every 15 seconds during
codeposition.
Post-flight analysis of the electrocodeposition photographs indi-
cated that (i) "...the cermets clumped in a large mass im-
mediately after stirring." (3, p. 9) and (2) both types of
micron-sized particles (diamond dust and chromium-carbide)
"...had been moved but were clumped all around the sides of the
cell cavities .... [Although a] good suspension/dispersion [was
not maintained,] codeposition... [was] evident. Clumping of up-
wards of tens of particles... [was] noted in the Cr3C 2 with
cobalt while only small groupings of several particles... [could]
be seen in the diamond with nickel." (4, p. 19)
The results indicated "...that either a surfactant and stirring,
a surfactant and continued stirring throughout the flight or just
continued stirring may be necessary to carry out codeposition in
low gravity." (3, p. 9)
<Note: References (7) and (8) were not available to aid in the
preparation of this experiment summary.>
Key Words: Physical Chemistry, Electrodeposition,
Electrocodeposition, Codeposition, Dispersion Layers, Thin Films,
Coated Surfaces, Plating, Electric Field, Cathode, Anode,
Electrodes, Electrolyte Solution, Ionic Solution, Particle Dis-
persion, Particle Mobility, Particle Motion, Particle Distribu-
tion, Suspension of Particles, Sedimentation, Stirring of Com-
ponents, Shear Forces, Fluid Motion Damping, Liquid Dynamic
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Response, Coagulation, Buoyancy-Driven Convection, Crystalline
Structure, Sample Microstructure, Surface Morphology, Metallic
Matrix, Solid/Liquid Interface, Amorphous Materials, Catalysts,
Hardness, Surfactants, Contained Fluids
Number of Samples: ten experiment cells
Sample Materials: seven cells: electrodeposition of nickel; one
cell: electrodeposition of pure cobalt; one cell: codeposition of
nickel and diamond dust; one cell: codeposition of a cobalt/Cr3C 2
composite
Container Materials: Plexiglas TM
Experiment Material Applications:
"The purpose of these experiments... [was] to improve the under-
standing of the plating process, to determine if pure amorphous
metals may be formed by electrodeposition, to determine any dif-
ferences in catalytic activity between surfaces prepared in unit
g and low g and to determine if there are improved characteris-
tics of codeposited surfaces in low g." (2, p. 341)
"Codeposition processes are used to produce surface coatings with
special abrasive qualities and extra hardness. These processes
normally require some means of continuous mixing to keep inert
products from settling out of the electrolytic solution .... [In
principle it should be easier to maintain homogeneous suspensions
of particles in low-g than l-g.] Codeposition will be
studied.., with the objective of producing richer, more
homogeneous surface coatings.,, (7, p. 217)
References/Applicable Publications:
(1) Riley, C., Abi-Akar, H., and Benson, B.: Electrodeposition
of Metals and Metal/Cermet Composites on a Sub-Orbital Rocket.
AIAA 27th Aerospace Sciences Meeting, January 9-12, 1989, Reno,
Nevada, AIAA #89-0308. (preflight; concentrates on KC-135
results)
(2) Wessling, F. C. and Maybee, G. W.: Consort 1 Sounding Rocket
Flight. Journal of Spacecraft and Rockets, Vol. 26, No. 5,
September-October 1989, pp. 343-351. (preflight)
(3) Wessling, F. C., Lundquist, C. A., and Maybee, G. W.: Con-
sort 1 Flight Results-A Synopsis. Presented at the IAF 40th In-
ternational Astronautical Congress, October 7-13, 1989, M_laga,
Spain, IAF #89-439, Acta Astronautica, Vol. 21, No. 9, 1980, ii
pp. (post-flight)
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(4) Surface Coatings and Catalyst Production by Electrodeposition
and Composite Coatings. In Consortium for Materials Development
in Space, The University of Alabama in Huntsville, Huntsville,
Alabama, Annual Report, Technical Section, October I, 1988-
September 30, 1989, pp. 17-21. (post-flight)
(5) Riley, C. , Coble, H. D. , Loo, B. , Benson, B. , and Abi-Akar,
H. : Electrodeposition and Codeposition Under Low
Gravity/Nonconvecting Conditions. Polymer Preprints, Vol. 28,
No. 2, 1987, pp. 470-471. (KC-135 work only)
(6) May, C. B., Riley, C., Coble, H. D., and Loo, B. H.: Surface
Coatings and Catalyst Production by Electrodeposition. NASA CR-
181508, Annual Report, The University of Alabama in Huntsville,
Consortium for Materials Development in Space, September 15, 1986
- September 14, 1987, pp. 32- 48. (KC-135 work only)
(7) Riley, C., Abi-Akar, H., Benson, B., and Maybee, G.: Low-
gravity Electrodeposition of Metals and Metal Cermet Composites.
Journal of Spacecraft and Rockets, Vol. 27, No. 4, pp. 386-390,
1990. (preflight)
(8) Abi-Akar, H. M.: Electrodeposition in Low-Gravity.
dissertation, University of Alabama in Huntsville,
(preflight/post-flight)
Ph. D
1992.
(9) Input received from Experiment Investigator, August 1993.
Contact(s):
Dr. Clyde Riley
The University of Alabama in Huntsville
Chemistry Department, MSB 203 C
Huntsville, AL 35899
Mr. George Maybee
McDonnell Douglas Space Systems Co.
689 Discovery Drive
Huntsville, AL 35806
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CHAPTER 16
PROTEIN CRYSTAL GROWTH
16 -1
Principal Investigator(s): Littke, W. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) Chemisches Laboratorium der Universit_t
Freiburg, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 3
Launch Date/Expt. Date: April 1980
Launched From: ESRANGE, Kiruna Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-3
Builder of Processing Facility: Unknown, Possibly, ERNO, Bremen,
Germany
Experiment:
Diffusion and Growing of Protein Beta Galactosidase Crystals
This TEXUS 3 sounding rocket experiment was the first in a series
of investigations designed by Littke to study the low-gravity
growth of protein crystals.
The specific TEXUS 3 experiment goals and equipment setup were
not detailed in the available publications.
Reportedly, due to a rocket despin failure, TEXUS 3 did not
achieve the desired low-gravity level. The experiment was
reflown on TEXUS 3b (see Littke, TEXUS 3b).
No further documentation of this TEXUS 3 experiment appears to be
available.
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Organic Crystals, Reactant Solutions, Three-Dimensional Crystal-
line Structure, Buoyancy-Driven Convection, Diffusion, Diffusive
Mass Transfer, Diffusion-Controlled Growth, Liquid/Liquid Diffu-
sion, Liquid/Liquid Interface, Solid/Liquid Interface, Crystal
Morphology, Crystalline Structure, Acceleration Effects, Rocket
Despin Failure, Biotechnology
Number of Samples: unknown
Sample Materials: protein, Beta-galactosidase
Container Materials: unknown
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Experiment/Material Applications:
See Littke, TEXUS 3b
References/Applicable Publications:
(i) Greger, G.: TEXUS and MIKROBA and Their Effectiveness and
Experiment Results. Presented at: In Space '87, October 13-14,
1987, Japan Space Utilization Promotion Center (JSUP) .
(identifies rocket failure)
Contact(s):
Dr. W. Littke
Chem. Laboratorium
Universit_t Freiburg
Albertstrasse 21
D-7800 Freiburg/i. Breisgau
Germany
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Principal Investigator(s): Littke, W. (i)
Co-Investigator(s): Unknown
Affiliation(s): (1) Chemisches Laboratorium der Universit_t
Freiburg, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 3b
Launch Date/Expt. Date: April 1981
Launched From: ESRANGE, Kiruna Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-3
Builder of Processing Facility: Unclear, possibly ERNO, Bremen,
Germany
Experiment:
Diffusion and Growinq of Protein Beta Galactosidase Crystals
Understanding the behavior of organic, macromolecular compounds
involves the determination of their three-dimensional crystalline
structure. Structure determination by X-ray analysis requires
large, highly perfect single crystals. On Earth, gravity-driven
convection inhibits the solution growth of such high-quality
crystals by promoting multiseed formation. Attempts to reduce
convective flows by processing organic components in a gel medium
fail because the fragile crystals break when they come in contact
with the tight gel network. It was thus proposed that crystal
growth during a reduced-gravity sounding rocket flight may
produce larger, more perfect organic crystals.
This experiment was the second in a series of investigations
designed by Littke to study the low-gravity growth of protein
crystals (see Littke, TEXUS 3). The specific objectives of the
experiment were to (i) evaluate the performance of the processing
facility and (2) determine if diffusion-controlled conditions
were achieved during the sounding rocket flight. Reportedly, the
experiment was performed to help prepare for a future Spacelab 1
investigation (see Littke, Spacelab 1 (this chapter)).
Prior to the mission, a protein solution (high molecular weight
Beta-galactosidase), a salt solution (ammoniumsulfate), and a
buffer solution (M/30 phosphatebuffer, pH=6.4) were placed in
separate chambers within the experimental apparatus. The solu-
tions were bubble free and each container was closed by a
flexible membrane for pressure compensation and equalization.
During the low-gravity portion of the mission, the three solu-
tions were brought into contact when a sliding device separating
the chambers was moved. The reactants (protein and salt
solutions) diffused toward the buffer chamber where the reaction
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occurred. During the reaction (which took place at 20 °C) the
slowly diffusing salt ions allowed the protein molecules to crys-
tallize. The process was observed using Schilieren optics and a
cine camera. Reference experiments were performed on Earth for
comparison.
It was reported that under low-gravity conditions, a strictly
laminar diffusion process was observed and crystallites
(approximately 1 micron in size) were formed. In contrast, tur-
bulent convection was observed during the l-g experiment and only
amorphous protein material was obtained. Because of the short
low-gravity period available (approximately 6 minutes), the
quality of the flight crystals was inferior, but comparable, to
that of the Earth crystals (which were obtained after several
days of growth). Reportedly, these results were caused by "...a
near-range order close to the order in crystallized materials,
which is established in the solution in the absence of convec-
tion." (2, p. 200)
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Organic Crystals, Reactant Solutions, Salt Solution, Membranes,
Three-Dimensional Crystalline Structure, Buoyancy-Driven Convec-
tion, Turbulent Flow, Diffusion, Diffusive Mass Transfer,
Diffusion-Controlled Growth, Liquid/Liquid Diffusion, Double Dif-
fusion, Liquid/Liquid Interface, Solid/Liquid Interface, Crystal
Morphology, Crystalline Structure, Pressure Compensation,
Bubbles, Bubble Removal, Reaction Kinetics, Schlieren Viewing,
Contained Fluids, Liquid Reservoir, Biotechnology, Biological
Materials Processing, Biological Structures, Pharmaceutical Ap-
plications, Structure Based Drug Design
Number of Samples: one
Sample Materials: Protein solution: high molecular weight Beta-
galactosidase; salt solution: ammoniumsulfate; buffer solution:
M/30 phosphatebuffer
Container Materials: unknown
Experiment/Material Applications:
The specific reasons why Beta-galactosidase, ammoiumsulfate, and
M/30 phosphatebuffer were selected for the experiment was not
detailed in available publications.
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References/Applicable Publications:
(i) Littke, W. and John, C.: Protein Single Crystal Growth Under
Microgravity. In Proceedings of a joint ESA-DFVLR Workshop held
at Chemisches Laboratorium der Universit_t, Freiburg, Germany,
March 19-20, 1984, pp. 55-64. (post-flight; discusses results
from all TEXUS and Spacelab experiments without distinguishing
between particular missions.)
(2) Diffusion-Controlled Growth of Protein Single Crystals: B-
galactosidase. In Summary Review of Sounding Rocket Experiments
in Fluid Science and Materials Sciences, TEXUS 1 to 20, MASER 1
and 2, ESA SP-II32, February 1991, pp. 200-201. (post-flight)
Contact(s):
Dr. W. Littke
Chem. Laboratorium
Universit_t Freiburg
Albertstrasse 21
D-7800 Freiburg/i. Breisgau
Germany
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Principal Investlgator(s): Littke, W. (i)
Co-Investigator(s): Unknown
Affiliation(s): (1) Chemisches Laboratorium der Universit_t
Freiburg, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 4
Launch Date/Expt. Date: May 1981
Launched From: ESRANGE, Kiruna Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-5
Builder of Processing Facility: Unclear, possibly Messerschmitt-
Boelkow-Blohm (MBB/ERNO), Bremen, Germany
Experiment:
Diffusion and Growing of Protein Beta Galactosidase Crystals
This experiment was the third in a series of investigations
designed by Littke to study the low-gravity growth of protein
crystals (see Littke, TEXUS 3, TEXUS 3b). The specific objective
of the experiment was to assess the temperature range of low-
gravity protein crystallization.
It was reported that the experimental apparatus, protein solu-
tion, salt solution, buffer solution, and procedure were the same
as those used during the TEXUS 3b experiment with two exceptions:
(i) a reaction temperature of -8 °C was used for the experiment
(instead of TEXUS 3b temperature of + 20 °C) and (2) the melting
points of all the solutions were lowered by the addition of
glycol.
<Note: It appears the temperature range of low-gravity protein
crystallization was investigated by comparing the TEXUS 4 experi-
ment to the TEXUS 3b experiment. The specific reason why the
employed temperatures were selected for the TEXUS 3b and TEXUS 4
experiments was not detailed in the available publications.>
It was reported that, as in the TEXUS 3b experiment, a strictly
laminar diffusion process was observed. "But the tendency for
protein to crystallize at -8 deg C was reduced and nothing was
obtained but a precipitate of amorphous protein material." (2,
p. 202)
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Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Organic Crystals, Reactant Solutions, Salt Solution, Membranes,
Three-Dimensional Crystalline Structure, Precipitation, Buoyancy-
Driven Convection, Diffusion, Diffusive Mass Transfer, Diffusion-
Controlled Growth, Liquid/Liquid Diffusion, Double Diffusion,
Liquid/Liquid Interface, Solid/Liquid Interface, Reaction
Kinetics, Amorphous Materials, Crystal Morphology, Crystalline
Structure, Pressure Compensation, Schlieren Viewing, Contained
Fluids, Liquid Reservoir, Biotechnology, Biological Materials
Processing, Biological Structures, Pharmaceutical Applications,
Structure Based Drug Design
Number of Samples: one
Sample Materials: Protein solution: high molecular weight Beta-
galactosidase; salt solution: ammoniumsulfate; buffer solution:
M/30 phosphatebuffer
Container Materials: unknown
Experiment/Material Applications:
See Littke, TEXUS 3b.
References/Applicable Publications:
(i) Littke, W. and John, C.: Protein Single Crystal Growth under
Microgravity. In Proceedings of a joint ESA-DFVLR Workshop held
at Chemisches Laboratorium der Universit_t, Freiburg, Germany,
March 19-20, 1984, pp. 55-64. (post-flight; discusses results
from all TEXUS and Spacelab experiments without distinguishing
between particular missions.)
(2) Diffusion-Controlled Growth of Protein Single Crystals: In-
vestigation of B-galactosidase at Low Temperature. In Summary
Review of Sounding Rocket Experiments in Fluid Science and
Materials Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA SP-I132,
February 1991, p. 202. (post-flight)
Contact(s):
Dr. W. Littke
Chem. Laboratorium
Universit_t Freiburg
Albertstrasse 21
D-7800 Freiburg/i. Breisgau
Germany
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Principal Investigator(s): Littke, W. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) Chemisches Laboratorium der Universit_t
Freiburg, Germany
Experiment Origin: Federal Republic of Germany
Mission: TEXUS 5
Launch Date/Expt. Date: April 1982
Launched From: ESRANGE, Kiruna Northern Sweden
Payload Type: Sounding Rocket Experiment
Processing Facility: TEXUS Experiment Module TEM 06-3
Builder of Processing Facility: Unclear, possibly ERNO, Bremen,
Germany
Experiment:
Diffusion and Growinq of Protein Beta Galactosidase Crystals
This experiment was the fourth in a series of investigations
designed by Littke to study the low-gravity growth of protein
crystals (see Littke, TEXUS 3, TEXUS 3b, TEXUS 4). The specific
objective of the experiment was to determine the reproducibility
of results obtained during the earlier TEXUS 3b experiment.
Reportedly, "The same experimental conditions as in TEXUS 3[b]
were reproduced and yielded the same promising results. Some
rod-shaped single crystals of the enzyme B-galactosidase,
molecular weight 465 000 D, embedded in amorphous protein
material were obtained within the 6 minutes of the coasting phase
of the rocket. Their linear dimensions are about three times
larger than those of crystals grown on Earth over a period of 60
hours." (2, p. 204)
No further information concerning this experiment could be lo-
cated at this time.
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Organic Crystals, Single Crystals, Reactant Solutions, Salt Solu-
tion, Membranes, Three-Dimensional Crystalline Structure,
Buoyancy-Driven Convection, Diffusion, Diffusive Mass Transfer,
Diffusion-Controlled Growth, Liquid/Liquid Diffusion, Double Dif-
fusion, Liquid/Liquid Interface, Solid/Liquid Interface, Reaction
Kinetics, Amorphous Material, Crystal Morphology, Rod Structure,
Crystalline Structure, Pressure Compensation, Schlieren Viewing,
Contained Fluids, Liquid Reservoir, Biotechnology, Biological
Materials Processing, Biological Structures, Pharmaceutical Ap-
plications, Structure Based Drug Design
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Number of Samples: one
Sample Materials: Protein solution: high molecular weight Beta-
galactosidase; salt solution: ammoniumsulfate; buffer solution:
M/30 Phosphatebuffer
Container Materials: unknown
Experiment/Material Applications:
See Littke, TEXUS 3b
References/Applicable Publications:
(1) Littke, W. and John, C.: Protein Single Crystal Growth Under
Microgravity. In Proceedings of a joint ESA-DFVLR Workshop held
at Chemisches Laboratorium der Universit_t, Freiburg, Germany,
March 19-20, 1984, pp. 55-64. (post-flight; discusses results
from all TEXUS and Spacelab experiments without distinguishing
between particular missions.)
(2) Diffusion-Controlled Growth of Single Crystals of Protein.
In Summary Review of Sounding Rocket Experiments in Fluid Science
and Materials Sciences, TEXUS 1 to 20, MASER 1 and 2, ESA SP-
1132, February 1991, pp. 204-205. (post-flight)
Contact(s):
Dr. W. Littke
Chem. Laboratorium
Universit_t Freiburg
Albertstrasse 21
D-7800 Freiburg/i. Breisgau
Germany
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Principal Investigator(s): Littke, W. (1)
Co-Investigator(s): Unknown
Affiliation(s): (i) Chemisches Laboratorium der Universit_t
Freiburg, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #9, STS-009 (STS 41-A, Spacelab 1: Columbia)
Launch Date/Expt. Date: November 1983
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Spacelab Rack
Processi_g Facility: Protein Crystal Growth Facility; two
Plexiglas _'" blocks each with four samples
Builder of Processing Facility: Unknown
Experiment:
Crystal Growth of Proteins IES334
This Spacelab 1 experiment was the fifth in a series of inves-
tigations designed by Littke to study the low-gravity growth of
protein crystals (see Littke, TEXUS 3, TEXUS 3b, TEXUS 4, TEXUS
5). The specific objectives of this experiment were to inves-
tigate (I) crystal growth at a constant temperature (20 °C),o(2 )
crystal growth in an increasing thermal gradient (-4 to 20 C),
(3) the effect of different protein concentrations on crystal
growth, and (4) the influence of wide and narrow diffusion fronts
on crystal growth.
The Spacelab Protein Crystal Growth Facility was used fo_the ex-
periment. This apparatus consisted of two Plexiglas _** blocks
which contained several protein, buffer, and salt solution cham-
bers. (See Reference (5) for complete description of experimental
facility.) The experimental procedure was similar to that of the
TEXUS experiments (see for example, Littke, TEXUS 3b). Four ex-
periments involving Beta-galactosidase protein solutions were
performed under an imposed thermal gradient. In addition, two
experiments involving Beta-galactosidase and two involving
lysozyme were performed at a constant temperature (20 °C). To
prevent unwanted protease activities, the blocks were maintained
at 0 °C until they could be placed in the apparatus under low-
gravity conditions.
Post-flight examination of the protein crystals led to the fol-
lowing conclusions:
(i) Prior to experiment initiation, crystallization occurred
within the protein solution chamber because of the slow diffusion
rate of the protein molecules.
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(2) The space-processed Beta-galactosidase crystals were 27 times
larger (volume) than their Earth-processed counterparts. The
space-processed lysozyme crystals were i000 times larger than
their Earth-processed counterparts.
(3) The crystals were well shaped and of good quality (polarized-
light examination).
(4) The formation of large crystals was improved by wide diffu-
sion fronts.
(5) The crystallization of Beta-galactosidase was enhanced by in-
creasing thermal gradients.
(6) Crystals not touching the walls (free floating) indicated
perfect habit.
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Organic Crystals, Single Crystals, Reactant Solutions, Reaction
Kinetics, Salt Solution, Three-Dimensional Crystalline Structure,
Buoyancy-Driven Convection, Diffusion, Diffusive Mass Transfer,
Diffusion-Controlled Growth, Liquid/Liquid Diffusion, Double Dif-
fusion, Liquid/Liquid Interface, Isothermal Processing, Thermal
Gradient, Solid/Liquid Interface, Crystal Morphology, Crystalline
Structure, Free Floating Crystals, Crucible Effects, Contained
Fluids, Liquid Reservoir, Biotechnology, Biological Materials
Processing, Biological Structures, Pharmaceutical Applications,
Structure Based Drug Design
Number of Samples: eight
Sample Materials: Proteins: (i) Beta-galactosidase (Beta-D-
galactoside galactohydrolase, EC 3.2. i. 23, molecular weight =
465000 Daltons) and (2) lysozyme (mucopeptide N-
acetylmuramoylhydrolase, EC 3.2. i. 17, molecular weight = 14307
Daltons) ; buffer solution: unknown; salt solution: unknown
Container Materials: Plexiglas TM
Experiment/Material Applications:
The specific reasons why the solutions were selected for the ex-
periment were not detailed in available publications.
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References/&pplicable Publications:
(i) Littke, W. and John, C.: Protein Single Crystal Growth Under
Microgravity. In ESA 5th European Symposium On Material Sciences
Under Microgravity, Results of Spacelab 1, Schloss Elmau, Novem-
ber 5-7, 1984, ESA SP-222, pp. 185-188. (post-flight; includes
TEXUS results)
(2) Littke, W. and John, C.: Protein Single Crystal Growth Under
Microgravity. Earth Oriented Applications of Space Technology,
Vol. 5, No. 1/2, pp. 63-66, 1985. (post-flight)
(3) Chassay, R. P. and Schwaniger, A.: Low-G Measurements by
NASA. In Workshop Proceedings of Measurement and Characteriza-
tion of the Acceleration Environment On Board the Space Station,
August 11-14, 1986, Guntersville, Alabama, pp. 9-1 - 9-48.
(acceleration measurements)
(4) Littke, W.: The Growth of Single Crystals from Proteins in
Gravity-Free Space. 17th Aerospace Sciences Meeting, New Or-
leans, January 15-17, 1979. (preflight; experimental apparatus)
(5) Littke, W. and John, C.: Protein Single Crystal Growth Under
Microgravity. Journal of Crystal Growth, Vol. 76, 1986, pp. 663-
672. (post-flight; appears to be discussing Spacelab 1 results)
Contact(s):
Dr. W. Littke
Chem. Laboratorium
Universit_t Freiburg
Albertstrasse 21
D-7800 Freiburg/i. Breisgau
Germany
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Prlncipal Investlgator(s): Littke, W. (1)
Co-Investigator(s): Unknown
Affiliation(s): (1) Chemisches Laboratorium der Universit_t
Freiburg, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt. Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Spacelab Facility, Materials Science Double
Rack (MSDR)
Processing Facility: Unknown
Builder of Processing Facility: Unknown
Experiment:
Protein Sinqle Crystal Growth under Zero Gravity (WL-CRY-00)
This Spacelab D1 experiment was the sixth in a series of inves-
tigations designed by Littke to study the low-gravity growth of
protein crystals (see Littke, TEXUS 3, TEXUS 3b, TEXUS 4, TEXUS
5, Spacelab 1). The specific objective of the experiment was to
crystallize a Beta-galactosidase inhibitor complex.
Prior to the shuttle flight, an organic compound containing mer-
cury was synthesized, which acted as a competitive inhibitor for
hydrolases. The inhibitor binds itself to the active site of the
corresponding enzymes. "In case single crystals of such a...
[Beta]-galactosidase inhibitor complex will be obtained, the
heavy mercury atoms and thereby the active sites can be localized
by x-radiation and their special arrangement determined." (2, p.
127)
The planned, low-gravity experimental procedure included mixing
(by infusion) ammonium sulphate and Beta-galactosidase solutions
across a narrow buffer zone.
Reportedly, the fully automatic apparatus allowed the experiment
to be performed at a constant temperature (20 °C_ as well as un-
der an imposed thermal gradient (-4 to 20 vC). However,
"...human and technical failure.., prevented... [the carrying out
of] the scientifically well prepared experiments." (4, p. 294)
No other information concerning this experiment could be located
in the published literature.
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Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Organic Crystals, Single Crystals, Reactant Solutions, Reaction
Kinetics, Salt Solution, Three-Dimensional Crystalline Structure,
Buoyancy-Driven Convection, Diffusion, Diffusive Mass Transfer,
Diffusion-Controlled Growth, Liquid/Liquid Diffusion, Double Dif-
fusion, Concentration Distribution, Liquid Mixing, Liquid/Liquid
Interface, Isothermal Processing, Thermal Gradient, Solid/Liquid
Interface, Crystal Morphology, Crystalline Structure, Contained
Fluids, Biotechnology, Biological Materials Processing, Biologi-
cal Structures, Pharmaceutical Applications, Structure Based Drug
Design, Processing Difficulties, Hardware Malfunction, Sample Not
Processed As Planned
Number of Samples: unknown
Sample Materials: Protein: Beta-galactosidase and organic com-
pound containing mercury; buffer solution: unknown; salt
solution: ammonium sulphate
Container Materials: unknown
Experiment/Material Applications:
See Experiment section (above) and Littke, TEXUS 3b.
References/Applicable Publications:
(i) Littke, W. and John, Chr.: Protein-Single Crystal Growth Un-
der Microgravity. In BMFT/DFVLR Scientific Results of the German
Spacelab Mission D1, Abstracts of the D1-Symposium, Norderney
Germany, August 27-29, 1986, p. 63. (abstract only; post-flight)
(2) Littke, W.: Protein Crystal Growth Under Zero Gravity. In
Scientific Goals of the German Spacelab Mission, DI, WPF, 1985,
p. 127. (preflight)
(3) Littke, W.: An Experimental Set-Up for Single-Crystal Growth
from Solution Under Terrestrial and Microgravity Conditions. In
Sixth European Symposium on Material Sciences Under Microgravity
Conditions, Bordeaux, France, December 2-5, 1986, ESA SP-256, pp.
95-101. (appears to be an extension of research goals; does not
discuss this experiment directly)
(4) Littke, W. and John, Chr.: Protein-Single Crystal Growth Un-
der Microgravity. In Proceedings of the Norderney Symposium on
Scientific Results of the German Spacelab Mission DI, Norderney,
Germany, August 27-29, 1986, pp. 292-294. (post-flight)
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Contact(s):
Dr. W. Littke
Chem. Laboratorium
Universit_t Freiburg
Albertstrasse 21
D-7800 Freiburg/i. Breisgau
Germany
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Principal Investigator(s): Gerpheide, G. E. (1)
Co-Investigator(s): Ely, K. (2), American Institute of
Aeronautics and Astronautics (Purchaser and Donor) (3), Megill,
L. R. (Payload Manager) (4)
Affillation(s): (1) During STS-011: Adjunct Professor, University
of Utah, Salt Lake City, Utah, Currently: Proxima Inc., Salt Lake
City, Utah; (2) During STS-011: University of Utah, Salt Lake
City, Utah, Currently: La Jolla Cancer Research Foundation, La
Jolla, California; (3) Utah Section; (4) During STS-011: Utah
State University Faculty, Logan, Utah, Currently: ARME En-
terprises, Hyrum, Utah
Experiment Origin: USA
Mission: STS Launch #i0, STS-011 (STS 41-B, Challenger)
Launch Date/Expt. Date: February 1984
Launched From: NASA Kennedy Space Center, Florida
Payload Type: NASA Get Away Special (GAS) Canister G-O08
Volume of Canister: 2.5 cubic feet
Location of Canister: STS Payload Bay
Primary Developer/Sponsor of this experiment within G-008:
University of Utah, Salt Lake City, Utah
Processing Facility: Crystallization chamber (temperature control
achieved via the use of two containers of eutectic salts)
Builder of Processing Facility: (1) Experiment enclosure: Megill,
R. et al., Utah State University, Logan, Utah
Experiment apparatus: Gerpheide, G. et al., University of Utah,
Salt Lake City, Utah
Experiment:
Crystallization of Proteins
This experiment was one of four investigations housed within the
G-008 Get Away Special canister during STS-011. Two other ex-
periments (of the four) were applicable to this data base (see
Alford, STS-011 (Chapter 18); Walden, STS-011 (Chapter 18)). The
specific objective of this experiment was to determine the effect
of low-gravity on the crystallization of proteins from aqueous
solutions.
Three proteins were chosen for the experiment: (i) one which
successfully crystallizes under normal (Earth) gravity condi-
tions, (2) one which crystallizes poorly under normal gravity
conditions, and (3) one which does not crystallize under normal
gravity conditions (as of the experiment date).
<Note: Very little information could be located which described
the experimental setup and inflight procedure. The following
short summary represents nearly all of the experiment information
available at this time.>
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The reduced gravity protein crystal growth was to be achieved in
a crystallization chamber. Two containers of eutectic salt solu-
tions were configured in the payload to insure that crystal-
lization took place in a constant temperature environment. (It
was expected that the significant thermal mass of the salt solu-
tions would maintain the desired protein temperature range of the
crystallization chamber and prevent decomposition or freezing of
the aqueous protein solutions.) <Note: The desired temperature
range of the chamber was not detailed.>
During the STS mission, crystallization was to be initiated on
orbit via a pump-driven fluid exchange. <Note: Further details
describing this "pump driven fluid exchange" could not be lo-
cated.>
It was reported that the experiment was not activated. "A bat-
tery pack latching relay stuck closed..., resulting in battery
drain before launch." (6, p. 29) Thus, the canister was not
turned on in space and no results were obtained.
No further information could be located which described (i) the
faulty latching relay, (2) the experimental setup, or (3) the ex-
pected inflight procedure.
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Aqueous Solutions, Thermal Control, Isothermal Processing, Diffu-
sion, Diffusive Mass Transfer, Solid/Liquid Interface,
Liquid/Liquid Interface, Liquid/Liquid Diffusion, Liquid Trans-
fer, Decomposition, Freezing, Crystalline Structure, Crystal Mor-
phology, Salt Solution, Contained Fluids, Liquid Reservoir,
Biotechnology, Biological Structures, Pharmaceutical Applica-
tions, Sample Not Processed As Planned, Battery Drain
Number of Samples: three
Sample Materials: Three different proteins in aqueous solution(s)
were employed. <Note: The specific proteins were not iden-
tified.> One of the proteins successfully crystallizes Earth,
one of the proteins poorly crystallizes on Earth, and one of the
proteins does not crystallize on Earth.
Container Materials: glass
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Experiment Material Applications:
It was expected that this experiment would demonstrate improved
crystallization (over Earth crystallization) in the low-gravity
environment. The complex protein molecular structures of these
superior crystals could then be better analyzed using X-ray crys-
tallography techniques.
References/Applicable Publications:
(1) Cargo Systems Manual: GAS Annex for STS-II, JSC-17645 Annex
STS-11, December 2, 1983. (very short description; preflight)
(2) Input received from Principal Investigator, G.
August 1988.
Gerpheide,
(3) Getaway Special Payloads (STS-II). In Goddard Space Flight
Center's Engineering Newsletter, Vol. 2, No. 3, April 1984, pub-
lished by the Engineering Directorate, pp. 8-9. (very short
description)
(4) STS-II Getaway Special Payload Descriptions, NASA News, NASA
GSFC, 1984. (post-flight)
(5) STS 41-B Tenth Space Shuttle Mission, NASA Press Kit,
February 1984, p. 28. (brief mention of experiment; preflight)
(6) Ridenoure, R.: GAS Mission Summary and Technical Reference
Data Base. Ecliptic Astronautics Co., Technical Report #EAC-TR-
RWR87-11, October 2, 1987. (Get Away Special canister mission
history)
(7) STS-II GAS Payloads. NASA Goddard Space Flight Center En-
gineering Newsletter, April 1984.
Contact(s):
Dr. George E. Gerpheide
Proxima, Inc.
2850 East 3300 South
Salt Lake City, UT 84109
Rex Megill
ARME Enterprises
96 South I00 West
Hyrum, UT 84319
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Dr. Katheryn R. Ely
La Jolla Cancer Research Foundation
10901 North Torrey
Pines Road
La Jolla, CA 92937
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Principal Investigator(s): Walker, C. (1)
Co-Investigator(s): Wilson, I. A. (2), Hogle, J. (3), Lanham, J.
w. (4)
Affiliation(s) : (i) During STS-014: McDonnell Douglas
Astronautics Company, St. Louis, Missouri, Currently: McDonnell
Douglas Aerospace, Space Systems, Arlington, Virginia; (2,3)
During STS-014: Research Institute of Scripps Clinic, Scripps
Clinic and Research Foundation, LaJolla, California, Currently:
Unknown; (4) During STS-014: McDonnell Douglas Astronautics Com-
pany, St. Louis, Missouri, Currently: McDonnell Douglas
Aerospace, Center for Cell Research, Penn State University, State
College, Pennsylvania
Experiment Origin: USA
Mission: STS Launch #12, STS-014 (STS 41-D, Discovery)
Launch Date/Expt. Date: August 1984
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Middeck Experiment
Processing Facility: Liquid-liquid diffusion apparatus
Builder of Processing Facility: McDonnell Douglas Astronautics
Company, St. Louis Missouri
Experiment:
Protein Liquid Diffusion Experiment
This STS-014 experiment, which was performed by McDonnell Douglas
Astronautics Company and supported by the Scripps Institute of
LaJolla, California, was designed to better understand techniques
of protein crystal growth in low gravity.
"The experiment was conducted in three diffusion chambers. Each
of these chambers was configured with two 12cc syringes (one
partially-filled with the precipitating agent, the other with the
lysozyme protein) separated by a three-way valve. A fourth
single syringe chamber contained lysozyme crystals grown on
Earth, sealed and carried as a control. On the second day of
[the STS] flight the two chambers in each pair were opened to
each other. Mixing was induced by manually infusing the 5cc con-
tents of one syringe into the other thus inducing precipitation
and crystallization of the protein. The syringes were then iso-
lated from one another again by the valve.
"During the manual infusion step, it was found that the syringe
pistons were very balky in action. This was thought to be due to
a film of solid precipitate between the baffles and the pistons
and possibly within the valves as well. The consequent jerky ac-
tion induced the formation of many small bubbles then carried
into the crystallization chamber with the infused solution. They
remained there throughout the experiment.
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"Upon visual examination of the syringes in orbit near the end of
the mission, no crystals could definitively be seen by the un-
aided eye. Although along with the bubbles in each of the ex-
perimental chambers the solution appeared to be slightly opaque.
Ground analysis of the contents by the Scripps Institute revealed
that only myriad small crystals had formed, on the order of 0.5
mm. It was hypothesized that the bubbles provided numerous
nucleation sites thus increasing the number of crystals forming
simultaneously and resulting in the small size of each.
"The experiment was deemed to be unsuccessful due to the mechani-
cal problem that prevented the slow mixing desired and induced
excessive bubble nucleation sites." (2)
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Reaction Kinetics, Precipitation, Diffusion, Diffusive Mass
Transfer, Liquid/Liquid Diffusion, Liquid/Liquid Interface,
Solid/Liquid Interface, Liquid Mixing, Liquid Transfer, Liquid
Expulsion Through a Small Orifice, Bubbles, Bubble Formation,
Nucleation, Nucleation Sites, Crystalline Structure, Biotechnol-
ogy, Piston System, Baffles, Contained Fluids, Liquid Reservoir,
Three-Dimensional Crystalline Structure, Biotechnology, Biologi-
cal Materials Processing, Biological Structures, Pharmaceutical
Applications, Structure Based Drug Design, Hardware Malfunction
Number of Samples: four
Sample Materials: Proteins and precipitating agent solutions,
specifically: lysozyme, monosodium aspartate, and sodium nitrate
solutions.
Container Materials: glass and latex
Experiment/Material Applications:
Crystallization of proteins in the low-gravity environment could
allow the production of larger and higher quality crystals. If
such crystals could be produced, resolution of the proteins'
three-dimensional atomic structure might be possible using high
resolution X-ray diffraction. "Protein crystallography is the
only technique available for elucidating the atomic arrangements
within complicated biological molecules." (1, p. 1)
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References/Applicable Publications:
(1) Bugg, C. E. and Clifford, D. W.: Protein Crystal Growth in
Space. AIAA 25th Aerospace Sciences Meeting, January 13-15,
1986, Reno, Nevada, McDonnell Douglas Astronautics Company, St.
Louis Division, 10 pp. (post-flight)
(2) Input received from Principal Investigator C. Walker, August
1993.
Contact(s):
Dr. Charles D. Walker
McDonnell Douglas Aerospace- Space Systems
1735 Jefferson Davis Highway
Suite 1200
Arlington, VA 22202
Dr. J. Wayne Lanham
McDonnell Douglas Aerospace
Center for Cell Research
Penn State University
204 South Frear Labroatory
State College, PA 16802
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Principal Investigator(s): Bugg, C. E. (i)
Co-Investigator(s): (Or more specifically, Sample Contributors
and/or Analysis Teams:) University of Alabama (2), Burroughs
Wellcome Company (3), Schering Plough Corporation (4), Scripps
Institute (5), National Aeronautics and Space Administration
(NASA), Marshall Space Flight Center (6), University of Alabama
at Huntsville (7), John Curtis School of Medicine (8), Naval Re-
search Lab (9), University of Pennsylvania (10), University of
Iowa (11)
Affiliation(s): (1) During STS-023: Center for Macromolecular
Crystallography, University of Alabama, Birmingham, Alabama,
Currently: BioCryst Pharmaceuticals, Inc., Birmingham, Alabama;
(2) Birmingham, Alabama; (3) Research Park, Pennsylvania; (4)
Madison, New Jersey; (5) La Jolla, California; (6,7) Huntsville,
Alabama; (8) Australia; (9) Washington D.C.; (10) Philadelphia,
Pennsylvania; (ii) Iowa City, Iowa
Experiment Origin: USA
Mission: STS Launch #16, STS-023 (STS 51-D, Discovery)
Launch Date/Expt. Date: April 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Middeck Experiment
Processing Facility: (1) Two handheld Vapor Diffusion Apparatuses
(VDAs). Each VDA housed 17 reaction chambers into which
precipitant solutions were extruded from hand-operated syringes.
The VDAs were each fashioned from an aluminum block; Lexan -'" win-
dows allowed visualization of the chambers. (2) One Dialysis Ap-
paratus (DA): two-chambered Lucite TM block
Builder of Processing Facility: VDAs and DA: Campbell Engineer-
ing, Huntsville, Alabama
Experiment:
Human Protein Crystal Growth (PCG) Experiment HPCGI (Vapor Diffu-
sion and Dialysis Techniques for Space Experiments)
"One of the most widely used methods of crystallizing proteins
involves the slow precipitation of protein from droplets of solu-
tion by vapor pressure equilibration against a solution contain-
ing a higher concentration of the precipitating agent. The
"hanging-drop method" is a common version of this general tech-
nique. Most protein crystallography laboratories have extensive
experience with vapor-diffusion crystallization methods, and a
large percentage of the protein crystals described in recent pub-
lications have been obtained by these methods." (3, p. 683)
"A second micro-crystallization technique that is widely used in
protein crystallography laboratories is dialysis, by use of
microdialysis cells. These cells contain small chambers with
volumes typically in the 5-50 _i range, which hold the protein
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solutions .... [T]he chambers are covered with semi-permeable
membranes that retain macromolecules, but allow passage of salts
and other low molecular weight substances. These dialysis cells
can be used to grow protein crystals by placing them into a solu-
tion that contains a low molecular weight precipitating agent."
(3, p. 683)
This space shuttle experiment was the first in a series of inves-
tigations designed by Bugg et al. to study the growth of protein
crystals. The overall objectives of the investigations were to
(I) evaluate the effects of reduced gravity on several protein
crystalline systems and (2) develop methods and hardware for op-
timizing crystal growth in the space environment.
While terrestrial grown protein crystals are flawed and often too
small for sufficient structural analysis, similar crystals grown
in space are expected to be (i) larger and of higher quality than
terrestrial grown crystals and (2) of suitable size and quality
for three-dimensional structural determination.
During the STS-023 mission, two methods for growing protein crys-
tals were examined: dialysis and vapor diffusion.
Dialysis Experiments
The dialysis e_eriments were performed in a single, two-
chambered Lucite _* block. It appears that each chamber contained
(i) a protein solution, (2) a semi-permeable membrane, (3) a
glass vial (filled with the precipitating solution) and (4) a me-
tal striker. <Note: The spatial arrangement of each of these four
items within the chambers was unclear to the editors and was not
detailed in the available publications. Further, the solutions
employed were not detailed in the available publications.>
It appears (Reference (8)) that the experiment was activated
prior to launch when the hand-driven striker broke the glass vial
within each of the chambers. <Note: It is not clear if this
prelaunch activation was intentional.> This action released the
precipitate toward the membrane, thus initiating the dialysis.
<Note: The experiment duration time was not detailed in the
available publications.>
Post-flight analysis of the dialysis chambers revealed that amor-
phous precipitates, rather than the expected crystals, were
produced. <Note: No further information concerning these
dialysis experiments could be located at this time.>
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Vapor Diffusion Experiments
The "hanging drop method" vapor-diffusion experiments were per-
formed in two Vapor Diffusion Apparatuses (VDAs). Each of these
VDAs contained 17 similar crystal growth chambers. Configured
just above each growth chamber was a polypropylene syringe, the
tip of which extended into the growth chamber. Configured at the
bottom of each chamber was a cotton wick (spaced opposite the
syringe tip).
Prior to the initiation of the experiments, each syringe was
filled with the appropriate protein sample, and each wick was
saturated with the appropriate precipitating agent (reservoir
solution). (A listing of the employed proteins can be found in
the Sample Materials section below.)
During the mission, a protein drop was extruded from e_ syringe
into the growth chamber using a hand-deployed Teflon _*'* piston.
The resulting drop (some with sizes up to 80 _i) (i) was main-
tained on either a flared or unflared syringe tip and (2) was
left to equilibrate with the reservoir solution. (The drops did
not touch the wick.) Droplet stability and crystal growth were
monitored through plastic windows enclosing the chambers.
Drop stability on the syringe tips was noted. Reportedly, (i)
many drops were lost during the mission (especially on non-flared
syringe tips) during drop deployment, equipment storage, etc. and
(2) all surviving drops were maintained on flared syringe tips.
<Note: It appears that when the experiment time was exhausted
(typically 3-4 days), newly grown crystals floating in the drop
and the surrounding protein solutions were withdrawn into the
syringes. It was noted (Reference (8)) that the syringes were
not then stoppered with syringe tip plugs to insure the liquid
remained in the syringe. (Such tip plugs were employed during
subsequent experiments by Bugg et al. (e.g., STS-026).)>
Post-flight analysis of the contents of the VDAs indicated that
(i) nearly all of the liquid from the syringes was lost during
the shuttle landing and (2) protein crystals had formed during
the mission in some of the deployed drops. Specifically, it was
determined that one large lysozyme crystal (measuring 1.6 X 1.6 X
1.22 mm) had grown from an 80 _i droplet. "The quality of this
crystal was assessed via X-ray methods and was found to be equal
to the best observed for earth-grown crystals of lysozyme. We
have been unable to grow a crystal this large on earth under
identical conditions. Furthermore it is interesting that all of
the control experiments performed on earth have produced several
lysozyme crystals within each protein drop as opposed to the
single crystal that was obtained in the microgravity environ-
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ment." (6, p. 67) In addition, small crystals of bacterial PNP,
green fluorescent protein toxin V, 13 MER DNA, 133 MER DNA and
Neuramindase-FAB complex were also formed. <Note: Further
description of these crystals was not provided in the available
publications.>
Additional information concerning the results found in each of
the 34 crystal growth chambers could not be located at this time.
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Single Crystals, Drops, Drop Formation, Droplet Creation Via a
Syringe, Drop Stability, Hanging Drop Method, Droplet Size, Pis-
ton System, Vapor Diffusion Method, Dialysis, Semipermeable
Membranes, Membranes, Precipitation, Liquid/Liquid Diffusion,
Diffusion, Diffusive Mass Transfer, Diffusion-Controlled Growth,
Solutal Gradients, Convection, Sedimentation, Liquid/Liquid In-
terface, Solid/Liquid Interface, Liquid/Vapor Interface, Free
Floating Crystals, Contained Fluids, Liquid Reservoir, Container-
less Processing, Biotechnology, Biological Materials Processing,
Biological Structures, Pharmaceutical Applications, Antibodies,
Structure Based Drug Design, Three-Dimensional Crystalline Struc-
ture, Liquid Expulsion Through a Small Orifice, Liquid Transfer,
Liquid Leakage, Acceleration Effects, Vehicle Re-Entry
Forces/Vibration, Deterioration of Samples After Low-G Flight
Number of Samples: Dialysis: two; vapor diffusion: thirty-four
Sample Materials: Proteins, Human Purine Nucleoside
Phosphorylase-PNP, Bacterial Purine Nucleoside Phosphorylase-PNP,
alpha2-Interferon, Human C-Reactive Protein-CRP, Fab Monoclonal
Antibody Component, Lysozyme, Scorpion Toxin, Sea Anemone Toxin,
Wisteria Lectin, Monoclonal Antibody Complexes of Neuramindase
from Influenza Virus, Green Fluorescent Protein, Human Serum
Transferrin, Synthetic DNA Fragment_uman Nuclear t-RNA Gene
Contalner Materlals: DA: Lucite block, glass vials; VDA-
syringes: polypropylene. The VDA react_qp chambers appear to
have been comprised of aluminum with Lexan _'" windows.
Experiment/Material Applications:
High quality protein crystals are needed for (i) basic studies of
biological structures, (2) protein crystallography pharmaceutical
agent design, and (3) protein engineering efforts. It is ex-
pected that low-gravity protein crystal processing will (i)
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result in the elimination of crystal sedimentation, (2) lead to
the reduction of density-dependent flows, and (3) permit con-
tainerless, high quality crystal production.
"In order to evaluate the possible effects of microgravity on
protein crystal growth, it will be necessary to investigate a
range of different types of proteins that have been well-
characterized in ground-based studies. Many of the proteins that
are being extensively studied in crystallography laboratories
around the world are only available in milligram quantities.
Vapor diffusion techniques are particularly suitable for crystal-
lization experiments involving small quantities of protein and
can be used for most types of biological materials. Therefore,
we focused our initial experiments on development of a space ver-
sion of the popular hanging-drop method." (6, p. 683)
The specific reasons why each of the chosen proteins were
selected were not detailed in any of the publications specifi-
cally describing this experiment. However, some of the later ex-
periments by Bugg et al. did detail the uses of several of these
proteins (see for example, Bugg, STS-32 (this chapter)).
References/Applicable Publications:
(i) Presentation by Blair Herren, NASA Marshall Space Flight Cen-
ter, Protein Crystal Growth (PCG) Office of Commercial Programs,
March 1987. (view graphs only, post-flight)
(2) Bugg, C. E.: The Future of Protein Crystal Growth.
of Crystal Growth 76(1986), pp. 535-544.
Journal
(3) DeLucas, L. J., Suddath, F. L., Snyder, R., Naumann, R.,
Broom, B., Pusey, M., Yost, V., Herren, B., Carter, D., Nelson,
B., Meehan, E. J., McPherson, A., and Bugg, C. E.: Preliminary
Investigations of Protein Crystal Growth Using the Space Shuttle.
Journal of Crystal Growth, 76(1986), pp. 681-693. (post-flight)
(4) Bugg, C. E. and Clifford, D. W.: Protein Crystal Growth in
Space. AIAA 25th Aerospace Sciences Meeting, January 13-15,
1986, Reno, Nevada, i0 pp. (post-flight)
(5) Hermann, F. T.: Advanced Protein Crystal Growth Flight
Hardware for the Space Station. AIAA Aerospace Sciences Meeting,
January 11-14, 1988, Reno, Nevada, AIAA #88-0345.
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(6) DeLucas, L. J., Suddath, F. L., Snyder, R., Naumann, R.,
Broom, M. B., Pusey, M., Yost, V., Herren, B., Carter, D., Nel-
son, B., Meehan, E. J., McPherson A., Bugg, C. E.: Protein Crys-
tal Growth in Microgravity. Space: Biomedicine and Biotechnology
Workshop, Toronto, Canada, May 1986, pp. 65-71. (post-flight;
little 51-D information)
(7) Personal communication with Mark Pusey, NASA Marshall Space
Flight Center, 1992.
(8) Information describing mission by mission PCG results. On
display at NASA Marshall Space Flight Center, Huntsville,
Alabama, 1991.
(9) Bugg, C.: Protein Crystal Growth Results from Shuttle Flight
51-F. Final Report, The University of Alabama Comprehensive Can-
cer Center, NASA CR-178540, October 1985. (post-flight; com-
parisons are made to 51-D results)
(i0) Naumann, R. J.: Microgravity Science and Applications. In:
In Space '87, Japan Space Utilization Promotion Center (JSUP),
pp. 19-21. (post-flight)
(ii) Input received from Principal Investigator C. E. Bugg, Sep-
tember 1988.
Contact(s):
Dr. Charles Bugg
BioCryst Pharmaceuticals, Inc.
2190 Parkway Lake Dr.
Birmingham, AL 35244
Dr. Dan Carter
ES01
NASA Marshall Space Flight Center, AL 35812
16-30
Principal Investigator(s): Bugg, C. E. (1)
Co-Investigator(s): (Or more specifically, Sample Contributors
and/or Analysis Teams:) Burroughs Wellcome Company (2), Univer-
sity of Alabama (3), Schering Plough Corporation (4), National
Aeronautics and Space Administration (NASA), Marshall Space
Flight Center (5)
Affiliation(s): (1) During STS-026: Center for Macromolecular
Crystallography, University of Alabama, Birmingham, Alabama,
Currently: BioCryst Pharmaceuticals, Inc., Birmingham, Alabama;
(2) Research Triangle Park, North Carolina; (3) Birmingham,
Alabama; (4) Madison, New Jersey; (5) Huntsville, Alabama
Experiment Origin: USA
Mission: STS Launch #19, STS-026 (STS 51-F, Spacelab 2:
Challenger)
Launch Date/Expt. Date: July 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Middeck Experiment
Processing Facility: (1) Two handheld 17-chamber Vapor Diffusion
Apparatuses (VDAs) modified from STS 51-D to include syringe tip
plugs and stainless steel pistons
(2) One Dialysis Apparatus (DA) modified for activation in orbit
using a metal striker
Builder of Processing Facility: VDAs and DA: Campbell Engineer-
ing, Huntsville, Alabama
Experiment:
Human Protein Crystal Growth Experiment HPCG2 (Vapor Diffusion
and Dialysis Techniques for Space Experiments)
This space shuttle experiment was the second in a series of in-
vestigations designed by Bugg et al. to study the growth of
protein crystals (see Bugg, STS-023). The overall objectives of
the investigations were to (i) evaluate the effects of reduced
gravity on several protein crystalline systems and (2) develop
hardware for optimizing crystal growth in the space environment.
Two methods for growing protein crystals were examined during the
mission: dialysis and vapor diffusion.
Dialysis Experiments
The dialysis e_eriments were performed in a single, two-
chambered Lucite _'" block. Each chamber contained (i) three wells
(or dialysis cells) filled with lysozyme, (2) a glass vial filled
with the precipitating solution (sodium chloride), and (3) a me-
tal striker. <Note: The spatial arrangement of each of these
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three items within the chambers was unclear to the editors and
was not detailed in any of the available publications.> Semi-
permeable membranes (or dialysis buttons) were placed over the
six lysozyme-filled wells.
One hour and 25 minutes into the STS-023 mission, the metal
striker within each chamber was used to break the glass vials
releasing the precipitate (and thus initiating the dialysis).
<Note: The total dialysis experiment time was not detailed in the
available publications.>
Post-flight analysis of the growth chambers indicated that three
of the six dialysis cell membranes had ruptured, apparently
during the activation sequence. "The three surviving cells con-
tained large tetragonal crystals of Lysozyme with average dimen-
sions of 1.3 X 0.65 X 0.65 mm." (i, p. 6) It was reported that
these crystals were significantly larger than those obtained
during ground-based testing performed in the space hardware.
It was concluded that alternative activation methods should be
sought for the dialysis experiments.
Vapor Diffusion Experiments
The "hanging drop method" vapor diffusion experiments were per-
formed in two Vapor Diffusion Apparatuses (VDAs). Each of these
VDAs contained 17 similar growth chambers. (The VDAs had been
modified significantly since the earlier 51-D flight to increase
drop stability, address leakage difficulties, etc.)
Configured just above each growth chamber was a glass syringe,
the tip of which extended into the growth chamber. These
syring_ had either a blunt glass tip or a bell-shaped glass tip.
Teflon _*'* tape was placed around several of the tips (producing a
hydrophobic barrier). Syringe tip plugs were employed to con-
tain protein solutions within the syringes prior to experiment
initiation. <Note: A listing of the employed proteins can be
found in the Sample Materials section below.>
Configured at the bottom of each chamber was a cotton wick
(spaced opposite the syringe tip). Contrary to the earlier 51-D
experiments, "...the reservoir solutions [precipitating agents]
were added to the wicks prior to launch and were separated from
the protein syringes by a metal grid." (i, p. 4)
During the flight experiment, the syringe plugs were retracted to
a position opposite the syringe tip and a protein drop was ex-
truded from the syringe into the growth chamber using a hand-
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deployed Teflon TM or stainless steel piston. (O-ring seals were
integrated with the steel pistons to prevent leakage.)
Reportedly, drops were maintained either (i) on the blunt glass
tips, (2) in the bell-shaped tips, or (3) tethered to the syringe
tip plugs. The drop was left to equilibrate with the reservoir
solution during the remainder of the experiment. (Reportedly, in
each VDA, two drops (of the 17) were tethered to the oppositely
retracted syringe plugs and consequently stabilized.)
Hand-operated drop deployment in the first VDA took place early
in the mission (when the VDA was not securely mounted) to assess
the effects of the OMS rocket burns on drop stability. Four
droplets were lost during deployment. It was noted that none of
these droplets hadT_een lost from syringe tips that had been
treated with Teflon tape. (The tape had been applied to the
tips in an effort to enhance drop stability.) Later, three drops
were lost during the shuttle flight in this VDA, although it was
not known if they were lost because of an OMS burn.
Hand-operated drop deployment of the second VDA took place later
during the mission when the VDA was securely mounted. Several
drops were successfully deployed. After deployment, only one
drop was lost during flight. It was noted that in the second
VDA, all the drops were still intact after a major OMS burn.
Near the end of the mission, most of the drops and crystals were
retracted into the syringes and sealed with the syringe tip
plugs. Some syringes were not plugged because crystalline struc-
tures remained outside the syringe even after the drops had been
withdrawn.
Post-flight analysis indicated that none of the crystals (plugged
or unplugged) had been lost during landing. It was surmised,
however, that the crystals underwent a large temperature change
(post-flight) because of extreme heat on the shuttle runway.
Reportedly, this high temperature environment may have caused
some crystal dissolution.
A total of eight crystals were formed in the two VDAs, all of
which were small and of poor quality. <Note: Further details of
these eight crystals were not presented.> It was concluded that
drop stability had increased over Bugg's earlier 51-D experi-
ments, and drop tethering was seen as highly successful.
Additional details of the inflight experimental procedure, post-
flight conclusions, etc. can be found in Reference (6).
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Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Salt Solution, Single Crystals, Drops, Drop Formation, Droplet
Creation Via a Syringe, Drop Stability, Hanging Drop Method, Pis-
ton System, Vapor Diffusion Method, Dialysis, Semipermeable
Membranes, Membranes, Precipitation, Solutal Gradients,
Liquid/Liquid Diffusion, Diffusion, Diffusive Mass Transfer,
Diffusion-Controlled Growth, Convection, Sedimentation,
Liquid/Liquid Interface, Solid/Liquid Interface, Liquid/Vapor In-
terface, Contained Fluids, Liquid Reservoir, Biotechnology,
Biological Materials Processing, Containerless Processing,
Biological Structures, Pharmaceutical Applications, Structure
Based Drug Design, Three-Dimensional Crystalline Structure, Liq-
uid Expulsion Through a Small Orifice, Liquid Transfer, Coated
Surfaces, Hydrophobic Surfaces, Liquid Leakage, Acceleration Ef-
fects, Thermal Environment More Extreme Than Predicted, Dissolu-
tion, Deterioration of Samples After Low-G Flight
Number of Samples: Dialysis: six; vapor diffusion: thirty-four
Sample Materials: Proteins, in the VDA units: lysozyme crystal-
lized from sodium-chloride solutions, bacterial purine nucleoside
phosphorylase-PNP crystallized from ammonium sulfate salt solu-
tions, alpha-2 interferon crystallized from polyethylene glycol,
and human C-reactive protein-CRP crystallized from methylpen-
tanediol. DA: lysozyme, sodium-chloride.
Conta_er Materials: VDA syringes: glass; dialysis apparatus-
Lucite _*'*block; glass vial
Experiment/Material Applications:
See Bugg, STS-023.
The above proteins were selected because (i) the Principal Inves-
tigator and other investigators at the University of Alabama in
Birmingham had considerable experience crystallizing the proteins
and (2) "They permitted us to assess drop stability for solutions
that contained different types of precipitating agents. Bac-
terial PNP is crystallized from ammonium sulfate salt solutions;
C-reactive protein is crystallized from methylpentanediol;
lysozyme is crystallized from NaCl solutions; and a2 interferon
is crystallized from polyethylene glycol. Lysozyme usually crys-
tallizes easily, so it serves as a useful control. The other
three proteins generally crystallize within two days, but crys-
tals of these proteins obtained in our laboratory at U.A.B. are
small, and diffract only to moderate resolutions." (i, p. 3)
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References/Applicable Publications:
(i) Bugg, C.: Protein Crystal Growth Results from Shuttle Flight
51-F. Final Report, The University of Alabama at Birmingham Com-
prehensive Cancer Center, NASA CR-178540, October, 1985. (post-
flight)
(2) Bugg, C. E.: The Future of Protein Crystal Growth.
of Crystal Growth, 76 (1986), pp. 535-544.
Journal
(3) DeLucas, L. J., Suddath, F. L., Snyder, R., Naumann, R.,
Broom, B., Pusey, M., Yost, V., Herren, B., Carter, D., Nelson,
B., Meehan, E. J., McPherson, A., and Bugg, C. E.: Preliminary
Investigations of Protein Crystal Growth Using the Space Shuttle.
Journal of Crystal Growth, 76 (1986), pp. 681-693.
(4) Bugg, C. E. and Clifford, D. W.: Protein Crystal Growth in
Space. AIAA 25th Aerospace Sciences Meeting, January 13-15,
1986, Reno, Nevada, i0 pp. (post-flight)
(5) Hermann, F. T.: Advanced Protein Crystal Growth Flight
Hardware for the Space Station. AIAA Aerospace Sciences Meeting,
January 11-14, 1988, Reno, Nevada, AIAA #88-0345.
(6) Protein Crystal Growth Results from Space Shuttle Flight 51-
F. Memorandum from Charlie Bugg (University of Alabama,
Birmingham) to Mr. Vaughn Yost (George C. Marshall Space Flight
Center, Huntsville, Alabama) September ii, 1985, 7 pp. (post-
flight)
(7) Information describing mission by mission PCG results. On
display at NASA Marshall Space Flight Center, Huntsville,
Alabama.
(8) Presentation by Blair Herren, NASA Marshall Space Flight Cen-
ter, Protein Crystal Growth, Office of Commercial Programs, March
1987. (viewgraphs only; post-flight)
(9) Naumann, R. J.: Microgravity Science and Applications, In: In
Space '87, Japan Space Utilization Promotion Center (JSUP), pp.
19-21. (post-flight)
Contact(s):
Dr. Charles Bugg
BioCryst Pharmaceuticals, Inc.
2190 Parkway Lake Dr.
Birmingham, AL 35244
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Dr. Dan Carter
ES01
NASA Marshall Space Flight Center, AL 35812
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Principal Investigator(s): Bugg, C. E. (1)
Co-Investigator(s): (Or more specifically, Sample Contributors
and/or Analysis Teams:) University of Alabama (2), Burroughs
Wellcome Company (3), National Aeronautics and Space Administra-
tion (NASA), Marshall Space Flight Center (4), Schering Plough
Corporation (5), University of California (6)
Affiliation(s): (1) During STS-031: Center for Macromolecular
Crystallography, University of Alabama, Birmingham, Alabama,
Currently: BioCryst Pharmaceuticals, Inc., Birmingham, Alabama;
(2) Birmingham, Alabama; (3) Research Park Triangle, North
Carolina; (4) Huntsville, Alabama; (5) Madison, New Jersey; (6)
Riverside, California
Experiment Origin: USA
Mission: STS Launch #23, STS-031 (STS 61-B, Atlantis)
Launch Date/Expt. Date: November 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Middeck Experiment
Processing Facility: (i) Two handheld Vapor Diffusion Apparatuses
(VDAs) each modified (post STS-026) to include 24 growth cham-
bers, a new reservoir wicking system, etc.
(2) One Dialysis Apparatus (DA) containing two chambers. A metal
striker was employed to break a vial containing the precipitating
agent.
Builder of Processing Facility: The VDAs and DA: Campbell En-
gineering, Huntsville, Alabama
Experiment:
Human Protein Crystal Growth Experiment HPCG3 (Vapor Diffusion
and Dialysis Techniques for Space Experiments)
This space shuttle experiment was the third in a series of inves-
tigations designed by Bugg et al. to study the growth of protein
crystals (see Bugg, STS-023, STS-026). The overall objectives of
the investigation were to (i) evaluate the effects of reduced
gravity on several protein crystalline systems and (2) develop
hardware for optimizing crystal growth in the space environment.
Two methods for growing protein crystals were examined during
this mission: dialysis and vapor diffusion.
Dialysis Experiments
The dialysis e_eriments were performed in a single, two-
chambered Lucite _'* block. One of the chambers contained three
50 microliter dialysis cells filled with alpha2-interferon; the
other chamber contained (i) two dialysis cells filled with
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canavalin and (2) one cell filled with concanavalin B. Each
chamber also contained (I) a glass vial containing an "acidic
solution," and (2) a metal striker. <Note: The spatial arrange-
ment of the items within the chambers was unclear to the editors
and was not detailed in the available publications.>
During the mission, the Lucite TM block was shaken such that the
metal striker in each chamber would break the vial containing the
precipitating agent (thus initiating the dialysis).
Reportedly, during the flight, "Efforts were made to activate the
dialysis unit, but only one of the dialysis vials [that vial as-
sociated with the alpha2-interferon dialysis cells] was success-
fully broken." (i, p. 2) Analysis of the contents of alpha2-
interferon cells indicated that only a light precipitate
resulted.
It was concluded that a more reliable technique for initiating
the dialysis should be conceived.
Vapor Diffusion Experiments
The "hanging drop method" vapor diffusion experiments were per-
formed in two Vapor Diffusion Apparatuses (VDAs). Each of these
VDAs contained 24 similar growth chambers. (The VDAs had been
slightly redesigned after Bugg's STS-026 experiment to enhance
experimental success.)
Configured just above each growth chamber was either a small or
large glass syringe@ the tip of which extended into the growth
chamber. A Teflon _*_ coating was added to some of the tips in an
effort to reduce glass tip nucleation sites. <Note: The shape
of syringe tip was not detailed.> Syringe tip plugs were
employed to contain protein solutions within the syringes prior
to experiment initiation. (A listing of the employed proteins
can be found in the Sample Materials section below.)
Configured at the bottom of each chamber was a cellulose wick
(spaced opposite the syringe tip) saturated with an appropriate
precipitating agent. <Note: It is not clear at what point the
precipitating agent was added to the wick (prior to, or after
launch).>
Approximately 9 hours into the mission, the experiments were in-
itiated. The syringe tip plugs were retracted to a position op-
posite the syringe tip and a protein drop was extruded from the
syringe into the growth chamber using either a stainless steel
piston or a Micromedics Teflon TM piston. "One of the... [VDAs]
16-38
contained 30 _i droplets and the other apparatus contained 60 _i
droplets (a few exceptions were made in cases where limited quan-
tities of protein solutions were available for the experiments)."
(i, p. i) Reportedly, drops were maintained (i) on the glass
tips or (2) tethered to the the syringe tip plugs. Reportedly,
"...three seeding experiments were attempted [in each of the
VDAs]. These involved introducing seed crystals into the protein
solutions after they were extruded from the syringes. Two of the
protein droplets in the seeding experiments were tethered, using
the opposing plungers in the vapor diffusion apparatuses. The
third seeding sample was an untethered droplet. The seed crys-
tals were introduced through screw holes .... The remaining 21
vapor diffusion experiments in each of the... [VDAs]... were of
the standard type, where a droplet of protein was extruded from
the syringe into the vapor diffusion chamber." (i, p. i) All of
the deployed drops were left to equilibrate with the reservoir
solutions (precipitating agents). (Inflight observations of each
of the 48 chambers are described in Reference (I).)
Droplet equilibrium and stability during the mission was ex-
amined. It was reported that (i) the 60 _i droplets did not com-
pletely equilibrate, and (2) stability greatly improved (over
Bugg's previous STS experiments) as only four of the drops w_e
lost during the experiments (none of which were on Teflon _'_-
coated tips).
Approximately 6 days after experiment initiation, the VDAs were
deactivated by withdrawing the liquid/crystals into the syringes
and sealing the tips with the syringe plugs.
Post-flight analysis of each of the 48 chambers is briefly
described in Reference (i). Overall it was noted that the ex-
periments were conducted at an elevated temperature, probably too
hot to result in optimum crystals. "However, good crystals, which
are suitable for X-ray diffraction studies, were obtained of c-
reactive protein, bacterial purine nucleoside phosphorylase, and
lysozyme. Diffraction analyses of C-reactive protein and of bac-
terial purine nucleoside phosphorylase indicated that the crys-
tals diffracted as well as the best earth-grown crystals." (i, p.
12) It was also noted that usable crystals were grown from 30
microliter seeded droplets.
Additional information concerning this experiment can be found in
Reference (i).
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Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Drops, Drop Formation, Droplet Creation Via a Syringe, Droplet
Size, Piston System, Drop Stability, Hanging Drop Method, Vapor
Diffusion Method, Dialysis, Precipitation, Solutal Gradients,
Diffusion, Diffusive Mass Transfer, Diffusion-Controlled Growth,
Convection, Sedimentation, Seed Crystals, Liquid/Liquid Inter-
face, Liquid/Liquid Diffusion, Solid/Liquid Interface,
Liquid/Vapor Interface, Nucleation, Nucleation Sites, Biotechnol-
ogy, Containerless Processing, Biological Materials Processing,
Biological Structures, Pharmaceutical Applications, Structure
Based Drug Design, Three-Dimensional Crystalline Structure, Liq-
uid Expulsion Through a Small Orifice, Liquid Transfer, Coated
Surfaces, Contained Fluids, Liquid Reservoir, Thermal Environment
More Extreme Than Predicted, Processing Difficulties
Number of Samples: Dialysis: six; vapor diffusion: forty-eight
Sample Materials: In the VDA units: human C-reactive protein (6
seeded, 8 non-seeded samples), human purine nucleoside phos-
phorylase as a 6-idopurine complex (i0 samples), lysozyme (4
samples), alpha2-interferon (I0 samples), canavalin (6 samples),
concanavalin B (4 samples). Dialysis: alpha2-interferon,
canavalin, concanavalin B. Both chambers were to be crystallized
by adding an acidic solution.
Conta_er Materials: VDA syringes: glass; Diffusion apparatus:
Lucite "'_ block/glass vials
Experiment/Material Applications:
See Bugg, STS-023 and Bugg, STS-026.
The specific reasons why each of these proteins were selected was
not detailed in the available publications.
Referenoes/Applicable Publications:
(I) Postflight Analysis of Protein Crystal Growth Experiments
Performed on STS-61-B. Memorandum from Charlie Bugg (Univ. of
Alabama at Birmingham) to Mr. Vaughn Yost (Marshall Space Flight
Center, Huntsville, Alabama), January 17, 1986, 14 pp. (post-
flight)
(2) Bugg, C. E.: The Future of Protein Crystal Growth.
of Crystal Growth, 76 (1986), pp. 535-544.
Journal
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(3) DeLucas, L. J., Suddath, F. L., Snyder, R., Naumann, R.,
Broom, B., Pusey, M., Yost, V., Herren, B., Carter, D., Nelson,
B., Meehan, E. J., McPherson, A., and Bugg, C. E.: Preliminary
Investigations of Protein Crystal Growth Using the Space Shuttle.
Journal of Crystal Growth, 76 (1986), pp. 681-693. (post-flight)
(4) Bugg, C. E. and Clifford, D. W.: Protein Crystal Growth in
Space. AIAA 25th Aerospace Sciences Meeting, January 13-15,
1986, Reno, Nevada, i0 pp. (post-flight)
(5) Hermann, F. T.: Advanced Protein Crystal Growth Flight
Hardware for the Space Station. AIAA Aerospace Sciences Meeting,
January 11-14, 1988, Reno, Nevada, AIAA 88-0345.
(6) Information describing mission by mission PCG Results. On
display at NASA Marshall Space Flight Center, Huntsville,
Alabama. (post-flight)
(7) Presentation by Blair Herren, NASA Marshall Space Flight Cen-
ter, Protein Crystal Growth, Office of Commercial Programs, March
1987. (viewgraphs only; post-flight)
(8) Naumann, R. J.: Microgravity Science and Applications. In:
In Space '87, Japan Space Utilization Promotion Center (JSUP),
pp. 19-21. (post-fLight)
Contact (s) :
Dr. Charles Bugg
BioCryst Pharmaceuticals, Inc.
2190 Parkway Lake Dr.
Birmingham, AL 35244
Dr. Dan Carter
ES01
NASA Marshall Space Flight Center, AL 35812
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Principal Investigator(s): Bugg, C. E. (1)
Co-Investigator(s): (Or more specifically, Sample Contributors
and/or Analysis Teams:) Burroughs-Wellcome Company (2), Univer-
sity of Alabama (3), National Aeronautics and Space Administra-
tion (NASA), Marshall Space Flight Center (4), University of
California (5)
Affiliation(s): (1) During STS-032: Center for Macromolecular
Crystallography, University of Alabama, Birmingham, Alabama,
Currently: BioCryst Pharmaceuticals, Inc., Birmingham, Alabama;
(2) Research Triangle Park, North Carolina; (3) Birmingham,
Alabama; (4) Huntsville, Alabama; (5) Riverside, California
Experiment Origin: USA
Mission: STS Launch #24, STS-032 (STS 61-C, Columbia)
Launch Date/Expt. Date: January 1986
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Middeck Experiment, Performed by Congressman
Bill Nelson
Processing Facility: (1) Two modified 24-chambered, handheld
Vapor Diffusion Apparatuses (VDA-1,2)
(2) Two Dialysis Apparatuses (DAs) identically prepared, employ-
ing a new thin-walled vial for the precipitating agent. A metal
striker broke the vial.
Builder of Processing Facility: VDAs and DAs: Campbell Engineer-
ing, Huntsville, Alabama
Experiment:
Human Protein CrystalGrowth Experiment HPCG4 (Vapor Diffusion and
Dialysis Techniques for Space Experiments)
This space shuttle experiment was the fourth in a series of in-
vestigations designed by Bugg et al. to study the growth of
protein crystals (see Bugg, STS-023, STS-026, STS-031). The
overall objectives of the investigations were to (I) evaluate the
effects of reduced gravity on several protein crystalline systems
and (2) develop hardware for optimizing growth in the space en-
vironment.
Two methods for growing protein crystals were examined during
this mission: dialysis and vapor diffusion.
Dialysis Experiments
The dialysis experiments were performed in two, double-chambered
Dialysis Apparatuses (DAs). The two DAs were similarly prepared:
(i) In the first chamber, three dialysis cells were filled with
canavalin; (2) In the second chamber, two dialysis cells were
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filled with concanavalin B. Semi-permeable membranes were placed
over all of the cells. Each chamber also contained (i) a newly
designed vial containing the precipitating solution, and (2) a
metal striker. (The end of the vial was specially designed to
break when it came in contact with the striker). <Note: The spa-
tial arrangement of these items within the chambers is unclear to
the editors and was not detailed in any of the available publica-
tions.>
The dialysis experiments were initiated approximately 3 hours
into the flight. <Note: The experiment duration time was not
detailed in the available publications although it was reported
that this shuttle mission was prematurely shortened and that
protein crystallization times were shorter than originally ex-
pected.>
Reportedly, it was difficult to tell if the vials had indeed
broken upon activation. Post-flight examination indicated that
in each DA, two out of three of the Canavalin dialysis cell
membranes were torn, apparently by glass from the broken vial.
In the two other Canavalin cells, a number of large crystals
and/or microcrystals were grown. The largest Canavalin crystal
was 1.05 X 0.5 X 0.25 mm. Most of these Canavalin crystals were
of poor quality. Reportedly, it was interesting that the
majority of the crystals did not grow on the dialysis cell wall
or membrane.
Concanavalin B dialysis cells in one of the DAs indicated a heavy
precipitate, but no crystals were found. In the other DA,
needle-like crystals were found in both dialysis cells. "Cell 1
had approximately 500 needle-like crystals. Typical length was
1.0mm with the longest 2.5mm. The needles were extremely thin
when compared to ground-based crystals." (i, p. 13) The second
cell had fewer and smaller needle-like crystals.
It was concluded that the "...present dialysis technique is not
adequate. It is unreliable and occupies too much space per num-
ber of experiments." (i, p. 16).
Vapor Diffusion Experiments
The "hanging drop method" vapor diffusion experiments were per-
formed in two Vapor Diffusion Apparatuses (VDAs). Each of these
VDAs contained 24 similar growth chambers. (The VDAs had been
slightly modified after Bugg's STS-031 experiment to enhance ex-
perimental success.)
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Configured just above each growth chamber was either a 4.0 mm or
5.0 mm (outer diameter) glass syrinq_ the tip of which extended
into the growth chamber. A Teflon _*_ coating was added to some
of the syringe tips to reduce glass tip nucleation sites. <Note:
The shape of the tips was not specified.> Syringe tip plugs were
employed to contain protein solutions within the syringes prior
to the experiment initiation. (A listing of the employed
proteins can be found in the Sample Materials section below.)
Configured at the bottom of each chamber was a cellulose wick
saturated with an appropriate precipitating agent. <Note: It is
not clear at what point the precipitating agent was added to the
wick (prior to, or after launch).>
During the experiment, the syringe tip plugs were retracted to a
position opposite the syringe tip and a protein drop was extruded
from the syringe into the chamber using a piston. Reportedly,
drops of either 30 _i (VDA-I) or 40 _i (VDA-2) were (i) main-
tained at the glass tips or (2) tethered to the tip plugs. Some
seeding of the drops took place. The drops were left to equi-
librate with the reservoir solutions (precipitating agents).
<Note: Because results from Bugg's earlier STS-031 flight indi-
cated that 60 _i drops were somewhat unstable and may not equi-
librate totally in the time allotted for this mission, 30 and 40
_i drops were deployed for these experiments. As stated above,
it was reported that this shuttle mission was prematurely
shortened and that protein crystallization times were shorter
than originally expected. Even so, it was reported that droplets
equilibrated sufficiently during the shortenned mission.>
Three days after initiation, the experiment was terminated.
(Reference (i) indicates that not all syringes were restoppered
prior to the shuttle landing.)
Inflight and post-flight analyses of each of the 48 chambers are
briefly reported in Reference (i). Overall it was concluded that
despite apparent temperature fluctuations aboard the shuttle,
"...good crystals suitable for X-ray diffraction studies were ob-
tained of canavalin, concanavalin B, bacterial purine nucleoside
phosphorylase, human serum, and C-reactive protein. The
canavalin and human serum albumin crystals appear to diffract to
higher resolution than earth crystals." (i, p. 15)
"It appears that the elimination of density-driven sedimentation
can affect crystal morphology. The best example of this is
canavalin, which grew crystals that were dispersed through the
droplets in space .... Nearly all the space-grown crystals appear
to have formed from separate nucleation sites, resulting in
uniform morphologies." (6, p. 689) Similarly, Earth-grown
Canavalin crystals "...generally form as fused aggregates at the
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bottom of the droplets." (6, p. 689)
See Reference (I) for additional information.
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Drops, Drop Formation, Droplet Creation Via a Syringe, Piston
System, Droplet Size, Drop Stability, Hanging Drop Method, Vapor
Diffusion Method, Dialysis, Precipitation, Solutal Gradients,
Diffusion, Diffusive Mass Transfer, Diffusion-Controlled Growth,
Convection, Sedimentation, Seed Crystals, Liquid/Liquid Inter-
face, Liquid/Liquid Diffusion, Solid/Liquid Interface,
Liquid/Vapor Interface, Semipermeable Membranes, Nucleation,
Nucleation Sites, Needles, Contained Fluids, Liquid Reservoir,
Containerless Processing, Biotechnology, Biological Materials
Processing, Biological Structures, Pharmaceutical Applications,
Structure Based Drug Design, Three-Dimensional Crystalline Struc-
ture, Crystalline Structure, Crystal Morphology, Liquid Expulsion
Through a Small Orifice, Liquid Transfer, Coated Surfaces, Ther-
mal Environment More Extreme Than Predicted, Processing Dif-
ficulties, Processing Time Not As Long As Planned
Number of Samples: Dialysis: ten; Vapor diffusion: forty-eight
Sample Materials: Proteins, in the VDA units: hen egg white
lysozyme, human serum albumin (HSA), 3 different preparations of
canavalin, designated as canavalin I, canavalin II, and canavalin
III, concanavalin-B, human C-reactive protein (CRP) and bacterial
purine nucleoside phosphorylase hypoxantine complex (B-PNP); in
the dialysis units: canavalin, concanavalin B
Container Materials: VDA syringes: glass; DAs: unclear
Experiment/Material Applications:
The proteins were chosen for several reasons:
"(A) The University of Alabama at Birmingham were experienced in
the crystallization of the proteins.
"(B) Canavalin crystals grow rather large in less than 3 days.
However, earth-grown crystals have visible surface defects and
only diffract to moderate resolution.
"(C) CRP crystals grow quickly, but are weakly diffracting.
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"(D) B-PNP grows thin needle-like crystals in 24 hours. Improve-
ment of the size and resolution of these crystals would greatly
aid in the structural determination.
"(E) HSA crystals diffract poorly and the crystal morphology ap-
pears to be affected by the orientation of growing crystals with
respect to gravity.
"(F) Concanavalin B crystals grow as thin plates, which is not an
ideal morphology for diffraction studies.
"(G) Lysozyme is a standard protein that has been included on all
flights." (i, p. 2)
Applications of such research can be found under Bugg, STS-023.
References/Applicable Publications:
(i) Protein Crystal Growth Results from Space Shuttle Flight 61-
C. Memorandum from Charlie Bugg/Larry Delucas (University of
Alabama in Birmingham) to Mr. Vaughn Yost (NASA MSFC), June 16,
1989, 17 pp. (post-flight)
(2) Bugg, C. E.: The Future of Protein Crystal Growth.
of Crystal Growth, 76 (1986), pp. 535-544.
Journal
(3) DeLucas, L. J., Suddath, F. L., Snyder, R., Naumann, R.,
Broom, B., Pusey, M., Yost, V., Herren, B., Carter, D., Nelson,
B., Meehan, E. J., McPherson, A., and Bugg, C. E.: Preliminary
Investigations of Protein Crystal Growth Using the Space Shuttle.
Journal of Crystal Growth, 76 (1986), pp. 681-693. (post-flight
61-c)
(4) Bugg, C. E. and Clifford, D. W.: Protein Crystal Growth in
Space. AIAA 25th Aerospace Sciences Meeting, January 13-15,
1986, Reno, Nevada, i0 pp. (post-flight)
(5) Hermann, F. T.: Advanced Protein Crystal Growth Flight
Hardware for the Space Station. AIAA Aerospace Sciences Meeting,
January 11-14, 1988, Reno, Nevada, AIAA #88-0345.
(6) DeLucas, L. J., Suddath, F. L., Snyder, R., Naumann, R.,
Broom, M. B., Pusey, M., Yost, V., Herren, B., Carter, D., Nel-
son, B., Meehan, E. J., McPherson, A., and Bugg, C.: Preliminary
Investigations of Protein Crystal Growth Using the Space Shuttle.
Journal of Crystal Growth, 76 (1986), pp. 681-693. (post-flight)
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(7) Information describing mission by mission PCG results. On
display at NASA Marshall Space Flight Center, Huntsville,
Alabama. (post-flight)
(8) Presentation by Blair Herren, NASA Marshall Space Flight Cen-
ter, Protein Crystal Growth, Office of Commercial Programs, March
1987. (viewgraphs only; post-flight)
(9) Naumann, R. J.: Microgravity Science and Applications. In:
In Space '87, Japan Space Utilization Promotion Center (JSUP),
pp. 19-21. (post-flight)
Contaot(s):
Dr. Charles Bugg
BioCryst Pharmaceuticals, Inc.
2190 Parkway Lake Dr.
Birmingham, AL 35244
Dr. Dan Carter
ES01
NASA Marshall Space Flight Center, AL 35812
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Principal Investigator(s): Bugg, C. E. (1)
Co-Investigator(s) : (Or more specifically, Sample
Contributors/Analysis Teams:) Krenitsky, T. (2), Stammers, D.
(3), Salemme, R. (4), Navia, M. (5), Nagabhushan, T. L. (6),
Einspahr, H. (7), McPherson, A. (8), Carter, D. (9), DeLucas,
L. J. (10)
Affiliation(s): (1) During STS-26: Center for Macromolecular
Crystallography, University of Alabama, Birmingham, Alabama,
Currently: BioCryst Pharmaceuticals, Inc., Birmingham, Alabama;
(2) Burroughs Wellcome Company, Research Triangle Park, North
Carolina; (3) Wellcome Research Laboratories, Beckenham, Britain;
(4) DuPont Company, Wilmington, Delaware; (5) Merck Institute,
Rahway, New Jersey; (6) Schering Plough, Madison, New Jersey; (7)
Upjohn, Kalamazoo, Michigan; (8) University of California, River-
side, California; (9) National Aeronautics and Space Administra-
tion (NASA), Marshall Space Flight Center, Huntsville, Alabama;
(i0) Center for Macromolecular Crystallography, University of
Alabama, Birmingham, Alabama;
Experiment Origin: USA
Mission: STS Launch #26, STS-26 (Discovery)
Launch Date/Expt. Date: September 1988
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Middeck Experiment
Processing Facility: New Protein Crystal Growth (PCG) apparatus
differing from previous flights by now offering temperature con-
trol (including refrigeration) and some automation. Three 20-
chambered trays (Vapor Diffusion Apparatuses (VDAs)) were used.
Double barreled syringes were employed to allow separation of
precipitate and protein for later mixing in flight.
Builder of Processing Facility: Growth chamber trays: Teledyne
Brown Engineering, Huntsville, Alabama; refrigerators: McDonnell
Douglas, St. Louis, Missouri. (Refrigerator upgrades including
flammability precautions, improved temperature sensing, etc.,
were completed at NASA Marshall Space Flight Center, Huntsville,
Alabama.)
Experiment:
Protein Crystal Growth (PCG) (PCG-II-01)
This space shuttle experiment was the fifth in a series of inves-
tigations designed by Bugg et al. to study the growth of protein
crystals (see Bugg, STS-023, STS-026, STS-031,/and STS-032). The
overall objectives of the investigations were to (i) evaluate the
effects of reduced gravity on several protein crystalline systems
and (2) develop hardware for optimizing crystal growth in the
space environment. The specific objective of the experiment was
to grow protein crystals by a technique closely related to the
vapor diffusion "hanging drop method." <Note: Although growth of
16-48
crystals by the dialysis method had been examined during earlier
experiments in this investigative series, these experiments were
discontinued on this flight.>
During earlier STS experiments by Bugg, environmental temperature
fluctuations occurred both inflight (during crystal growth) and
post-flight (on the shuttle runway). Thus, for this mission, a
temperature control unit was added to vapor diffusion experimen-
tal hardware to maintain the PCG growth chambers at the ap-
propriate temperature. This unit, called a Refrigeration In-
cubator Module (RIM), was capable of maintaining any set tempera-
ture between 2 and 35 +/- 0.8 °C.
The Vapor Diffusion Apparatuses (VDAs) employed during Bugg's
previous STS experiments were redesigned for this mission to en-
hance experimental success. The new vapor crystal growth
hardware consisted of three "PCG growth trays." Each of these
trays contained 20 similar growth chambers.
Configured just above each 5.3 cm 3 growth chamber was a double
barreled syringe, the tip of which extended into the growth cham-
ber. <Note: Several characteristics of the syringes were not
detailed in the available publications including (i) the syringe
tip shape and (2) the syringe material.> The chamber also con-
tained an absorbent material which could be saturated with a
solution of the precipitating agent.
Approximately 24 hours prior to launch, the syringes in each of
the chambers were filled: (i) one syringe barrel was filled with
a protein solution, (2) the second syringe barrel was filled with
the appropriate precipitating agent, and (3) the absorbent
material was saturated with the precipitating agent. <Note: A
listing of the employed proteins can be found in the Sample
Materials section below.> Syringe tip plugs were employed to
contain the fluids within the syringe. The _rowth trays were
placed within the RIM (approx. temperature 22 _C) until experi-
ment activation in orbit.
During the mission, the trays were removed from the RIM and the
experiment was initiated. Hand-operated deployment of each drop
(during Bugg's earlier experiments) was alleviated by using a
ganging mechanism which activated all the drops in a vapor diffu-
sion apparatus simultaneously. Upon activation, mixing of the
protein and precipitating agent was realized by repeatedly ex-
truding and retracting a drop from the syringe. After mixing
(and seeding of some solutions), 40 microliter drops were left
attached to the syringe tips. The trays were then returned to
the RIM (22 °C) where, during the next few days, the drops were
left to equilibrate with the precipitating agent (contained
within the saturated material) . The protein drops were
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photographed after activation and at regular (24-hour) intervals.
After 3 days, the resulting crystals and surrounding solution
were retracted into the syringes and stoppered with the tip
plugs.
Post-flight analysis indicated that five out of the eleven
proteins investigated during the mission resulted in crystals
suitable for X-ray diffraction evaluation. The best results were
obtained from the crystallization of gamma-interferon, porcine
elastase, and isocitrate lyase.
The gamma-interferon crystals were grown from a solution of 49%
ammonium sulfate, 0.05 M Na acetate, pH = 5.9. Reportedly, two
gamma-interferon crystals "...were obtained that were larger than
the best that have ever been produced in any ground experiments;
one was... [approximately]... 50% larger than the largest crystal
that had been obtained previously. The overall morphology was
similar to the Earth-grown crystals." (5, p. 652)
It was reported that three dimensional intensity data of one of
the space-produced gamma-interferon crystals (0.7 X 0.5 X 0.4 mm)
(i) displayed ,,...significant increase in measurable data at
resolutions where the earth-grown crystals display no significant
diffraction," (6, p. 306) and (2) "...is clearly superior to any
data obtained previously." (6, p. 306) "In principle, this im-
provement could reflect enhanced counting statistics resulting
from the larger crystal volume." (6, p. 306) <Note: This thought
was further discussed in Reference (6).>
Porcine elastase crystals were grown on the mission by adding
small seed crystals (approx. 50 _i in the maximum dimension) into
the syringe containing the precipitating agent (1.5 M NaSO4, 0.i
M sodium acetate, pH = 5.0) In one of the growth chambers, the
seed crystal could be seen suspended in the deployed drop at ex-
periment initiation, and then attached to the surface of the
droplet 1 day later. The crystal continued to grow into the
solution during the remainder of the experiment attaining a
length of 2.05 mm. Reportedly, this length was "...considerably
larger than any elastase crystals obtained in ground control
studies." (6, p. 307)
"A number of well-formed [porcine] elastase crystals in the range
of 0.5 to 2.1 mm were obtained from six crystallization experi-
ments on STS-26. Comparison of 3-D intensity data for a space-
grown crystal with dimensions comparable to Earth-grown crystals
studied earlier.., revealed that the space-grown crystal yielded
significantly more data at all resolution ranges, with enhance-
ment in the ultimate resolution at which measurable data can be
obtained." (5, p. 652)
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Crystals of isocitrate lyase were grown from a solution of 1.7 M
sodium citrate, 0.i M Tris-HCl, pH = 8.0. It was reported that
"An improved habit for isocitrate lyase was observed .... Al-
though some dendritic growth was found in the space samples, a
number of well-formed prisms.., were obtained. These prisms
belong to the same space group as the Earth-grown dendrites, but
they yielded better intensity data throughout the density range."
(5, p. 653).
Other observations were discussed in References (5) and (6).
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Drops, Drop Formation, Droplet Creation Via a Syringe, Hanging
Drop Method, Vapor Diffusion Method, Precipitation, Solutal
Gradients, Diffusion, Diffusive Mass Transfer, Diffusion-
Controlled Growth, Convection, Sedimentation, Seed Crystals,
Solid/Liquid Interface, Liquid/Vapor Interface, Nucleation,
Biotechnology, Biological Materials Processing, Biological Struc-
tures, Pharmaceutical Applications, Structure Based Drug Design,
Three-Dimensional Crystalline Structure, Crystalline Structure,
Dendritic Structure, Crystal Morphology, Liquid Expulsion Through
a Small Orifice, Liquid Transfer, Liquid Mixing, Containerless
Processing, Refrigeration
Number of Samples: sixty
Sample Materials: Proteins: (i) canavalin, (2) human serum al-
bumin, (3) gamma-interferon, (4) human C reactive protein, (5)
porcine elastase, (6) phosphorylase, (7) renin, (8) synthetic
peptide (alpha helicin), (9) isocitrate lyase, (i0) human purine
nucleoside, (Ii) reverse transcriptase
container Materials: syringes: unknown
Experiment/Material Applications:
High quality protein crystals are of interest to several areas of
research, especially in the field of crystalline structural
analysis. Structural determination of these complex molecules
"...provides the key to understanding their biological function
and could lead to methods of altering or controlling the function
in ways that may result in new drugs." (2, p. 21)
The proteins as numbered above (in the Sample Materials section)
have the following applications (as detailed in Reference (4)):
(i) protein plant engineering for nutrition, (2) binds and
transports drugs and other materials in serum, (3) antiviral
agent-stimulates the immune system, (4) plays a central role in
the human immune system, (5) involved in lung disease - structure
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used for drug design, (6) protein that interacts with phos-
pholipids, (7) involved in controlling high blood pressure -
structure will be used in drug design, (8) structural determina-
tion needed - human cell regulation of electrolytes-potassium,
sodium, calcium, (9) crop disease control, (i0) degrades antican-
cer drugs -- target for drug design, and (ii) enzyme essential to
the AIDS virus to complete its life cycle.
References/Applicable Publications:
(i) Investigators Examining Every Particle of Data from STS-26
Experiments. In NASA Marshall Star Newspaper, Vol. 29, Number
16, November 16, 1988, NASA Marshall Space Flight Center,
Huntsville, Alabama, p. i. (post-flight)
(2) NASA Press Kit: Space Shuttle Mission STS-26, September 1988,
pp. 21-23. (preflight)
(3) Dumoulin, J. M.: STS-26 Experiment Protein Crystal Growth.
NASA Fact Sheet, George C. Marshall Space Flight Center, June
1988. (preflight)
(4) Rose, J. : Post Launch Mission Report. Letter from
C/Assistant Administrator for Commercial Programs to
A/Administrator, Subject: Protein Crystal Growth (PCG) Experiment
Post Launch Mission Operation. (post-flight)
(5) DeLucas, L.: Protein Crystal Growth in Microgravity. Science,
Vol. 246, November 1989, pp. 651-654. (post-flight)
(6) DeLucas, L. J., et al.: Protein Crystal Growth Results For
Shuttle Flights STS-26 and STS-29. Journal of Crystal Growth,
Ii0 (1991), pp. 302-311. (post-flight)
Contact(s):
Dr. Charles Bugg
BioCryst Pharmaceuticals, Inc.
2190 Parkway Lake Dr.
Birmingham, AL 35244
Dr. Dan Carter
ES01
NASA Marshall Space Flight Center, AL 35812
Lawrence J. DeLucas
UAB/CMC
79-THT, BHSB 262
1918 University Blvd.
Brimingham, AL 35294-0005
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Principal Investigator(s): Bugg, C. E. (i)
Co-Investigator(s): (Or more specifically, Sample
Contributors/Analysis Teams:) Rubin, B. (2), Jones, N. (3),
Weber, P. (4), Navia, M. (5), Cook, W. (6), Einspahr, H. (7), Eg-
gleston, D. (8), Nagabhushan, T. L. (9), Laver, G. (10), Carter,
D. (11), Ward, K. (12), Lu, P. (13), Fontecilla, J. (14), Yonath,
A. (15), McPherson, A. (16), Meehan, E. (17)
Affiliation(s): (1) During STS-29: Center for Macromolecular
Crystallography, University of Alabama, Birmingham, Alabama
Currently: BioCryst Pharmaceuticals, Inc., Birmingham, Alabama;
(2) Eastman Kodak, Rochester, New York; (3) Eli Lilly Company,
Indianapolis, Indiana; (4) DuPont, Wilmington, Delaware; (5)
Merck Institute, Rahway, New Jersey; (6) University of Alabama,
Birmingham; (7) Upjohn, Kalamazoo, Michigan; (8) Smith, Kline &
French, Philadelphia, Pennsylvania; (9) Schering Plough, Bloom-
field, New Jersey; (10) BioCryst Ltd, Birmingham, Alabama; (11)
National Aeronautics and Space Administration (NASA), Marshall
Space Flight Center, Huntsville, Alabama; (12) Naval Research
Lab, Washington, D.C.; (13) University of Pennsylvania,
Philadelphia; (14) CNRS, Marseille, France; (15) Weizmann
Institute; (16) University of California, Riverside; (17) Univer-
sity of Alabama, Huntsville, Alabama
Experiment Origin: USA
Mission: STS Launch #28, STS-29 (Discovery)
Launch Date/Expt. Date: March 1989
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Middeck Experiment
Processing Facility: Protein Crystal Growth (PCG) apparatus used
on STS-26 which (i) employed three 20-chambered trays (Vapor Dif-
fusion Apparatuses (VDAs)), (2) offered temperature control
(using a Refrigerator-Incubator Module (RIM)), and (3) provided
some automation of drop deployment.
Builder of Processing Facility: Growth chamber trays: Teledyne
Brown Engineering, Huntsville, Alabama; refrigerators: McDonnell
Douglas, St. Louis, Missouri. (Refrigerator upgrades including
flammability precautions, improved temperature sensing, etc. were
completed at NASA Marshall Space Flight Center, Huntsville,
Alabama.)
Experiment:
Protein Crystal Growth (PCG) (Vapor Diffusion) (PCG-III-01)
This space shuttle experiment was the sixth in a series of inves-
tigations designed by Bugg et al. to study the growth of protein
crystals (see Bugg, STS-023, STS-026, STS-031, STS-032, STS-26).
The overall objectives of the investigations were to (i) evaluate
the effect of reduced gravity on several protein crystalline sys-
tems and (2) develop hardware for optimizing crystal growth in
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the space environment. The specific objective of this experiment
was to grow protein crystals by a technique closely related to
the vapor diffusion "hanging drop method."
The vapor diffusion experiments were performed in three 20-
chamber crystal growth trays (see Bugg, STS-26, for additional
details of the growth trays). Each chamber was configured with
(i) a double-barreled syringe (one barrel contained the protein
solution, the other the precipitating solution) and (2) a reser-
voir saturated with the precipitating solution. <Note: Several
characteristics of the syringes were not detailed in the avail-
able publications including (i) the syringe tip shape and (2) the
syringe material.> A listing of the employed proteins can be
found in the Sample Materials section below. (The syringes in
each of the chambers were reportedly filled approximately 24
hours prior to shuttle launch, and maintained at a temperature of
approximately 22 °C in a Refrigerator-Incubator Module (RIM).)
Tip plugs stoppered the syringes prior to experiment activation.
Once in orbit, the trays were removed from their temperature-
controlled environment. The removal of the syringe tip plugs and
subsequent repeated extrusion and retraction of drops from the
double-barreled syringes was performed semi-automatically via a
hand-operated wheel. After mixing of the solutions, 40 _i drops
were deployed attached to the syringe tips. The trays were then
returned to the temperature-controlled units where, during the
next several days, the drops were left to equilibrate with the
reservoir solution. The protein drops were photographed after
activation and at regular intervals. Upon deactivation, the
resultant crystals and the surrounding solution were retracted
into the syringes and stoppered with the syringe tip plugs.
<Note: Detailed information of the post-flight results could not
be located at this time. The following brief summary was
reported in Reference (6):>
"Fifteen different proteins were flow on STS-29. Unfortunately,
showers of small crystals were produced in every chamber flown
for all fifteen of these proteins. It is not clear what caused
this. In spite of this, one crystal of the protein... [alpha]
interferon grew large enough to collect 3D data. Although the
crystal was 0.2 mm smaller in each dimension that the four earth-
grown crystals used for comparison of the STS-26 data, the STS-29
space-grown crystal still produced data that were measurably bet-
ter throughout the resolution range and extended further in
resolution than the best ground-based crystals .... In addition,
three large crystals ([...approximately] 0.4 X 0.3 X 0.5 mm) of
the protein Lathyrus ochrus lectin I were also obtained. Data
were collected to high resolution from one of these crystals and
the structure was determined by molecular replacement methods.
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Crystals grown on earth by similar methods are smaller and dis-
play a different habit. A detailed comparison of the space and
ground data will be published elsewhere .... " (6, p. 310) <Note:
This publication could not be procured at this time.>
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Drops, Drop Formation, Droplet Creation Via a Syringe, Hanging
I Drop Method, Vapor Diffusion Method, Precipitation, Solutal
Gradients, Diffusion, Diffusive Mass Transfer, Diffusion-
Controlled Growth, Convection, Sedimentation, Solid/Liquid Inter-
i face, Liquid/Vapor Interface, Biotechnology, Biological Materials
Processing, Biological Structures, Pharmaceutical Applications,
Structure Based Drug Design, Three-Dimensional Crystalline Struc-
ture, Crystalline Structure, Dendritic Structure, Crystal Mor-
phology, Liquid Expulsion Through a Small Orifice, Liquid Trans-
fer, Liquid Mixing, Containerless Processing, Refrigeration,
Crystal Showers, Processing Difficulties
Number of Samples: sixty
Sample Materials: <Note: Reference (3), which was published prior
to the launch of the STS-29 mission, indicated that 19 different
proteins were to be examined during this mission. They are
listed in this section. However, Reference (6), which was pub-
lished after the mission was completed, reported that only 15
different proteins were examined, but did not list them in-
dividually.> (1) diacetinase, (2) human growth hormone (human
somototropin), (3) isocitrate lyase, (4) porcine elastase, (5)
purine nucleoside phosphorylase, (6) renin, (7) AK&F 104662, (8)
aridicin aglycone, (9) interferon, (10) neuraminidase, (11) al-
cohol oxidase, (12) green fluorescent protein, (13) LAC repres-
sor, (14) lectin, (15) bovine pancreatic procarboxypeptidase,
(16) ribsome, (17) tobacco mosaic virus, (18) urease, (19)
canavalin
Container Materials: syringes: unknown
Experiment/Material Applications:
During this investigation, the growth of high-quality protein
crystals was sought. If such crystals could be produced, high
resolution X-ray diffraction studies might indicate the protein's
three-dimensional structure. Once the structure is known, "...it
may be possible to design drugs that will either block or enhance
the protein's normal function within the body." (3, p.1)
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The proteins as numbered above (see the Sample Materials section)
have the following applications as reported in References (3) and
(5).
(i) Enzyme which catalyzes the hydrolysis of glycerol esters and
is specific for alkyl esters where the alkyl group has from 1 to
4 carbon atoms.
(2) Protein marketed for the treatment of children who are
unusually small because their pituitary glands produce too little
growth hormone.
(3) Target enzyme for crop disease control.
(4) Enzyme associated with the degradation of lung tissue.
(5) Target protein for the design of immunosuppressive and an-
ticancer drugs.
(6) Enzyme produced by the kidneys which plays a major role in
blood pressure control.
(7) Molecule representative of a class of antibiotics in which
there is much current industrial interest.
(8) Glycopeptide antibiotic used to treat infection due to gram-
positive organisms.
(9) Enzyme stimulates body's immune system and is used to treat
cancer.
(i0) Protein is one of two glycosylated surface proteins from the
influenza virus.
(ii) Enzyme which can be used to test for alcohol levels in body
fluids.
(12) Protein is an acidic, globular, energy transfer protein.
(13) Regulates the expression of lactose operon in E.coli.
(14) Protein that binds glycames of glycoproteins localized at
the surface cell.
(15) Enzyme that breaks down protein, similar to human proteins.
(16) Plays a major role in protein processing of cells.
(17) Protein food source in jack beans.
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(18) Urea is a major solid nitrogen source in world agriculture.
The development of a urease inhibitor could have a large impact
on the pattern of world agriculture.
(19) Protein of interest because of its potential as a nutri-
tional substance.
See also Bugg, STS-023.
References/Applicable Publications:
(I) "STS-29 Secondary Payloads," NASA Activities, March 1989,
Vol. 20, No. 3, pp. 9-10. (preflight; very brief summary)
(2) "Discovery Lands at Edwards Ending Successful Mission," Mar-
shall Star, Vol. 29, March 22, 1989, Number 31. (very brief
summary)
(3) Rose, J.: Prelaunch Mission Operation Report No. C-420-89-
29-01. From C/Assistant Administrator for Commercial Programs to
A/Administrator, Subject: Protein Crystal Growth (PCG) Experiment
Mission Operation Report-STS-29. (preflight)
(4) NASA Space Shuttle Mission STS-29 Press Kit, March 1989, pp.
15-16. (preflight)
(5) Dumoulin, J. M.: STS-29 Experiment-Protein Crystal Growth.
NASA Fact Sheet, January 1989, NASA Marshall Space Flight Center,
Huntsville, Alabama, 3 pp. (post-flight)
(6) DeLucas, L. J.: Protein Crystal Growth Results for Shuttle
Flights STS-26 and STS-29. Journal of Crystal Growth, ii0
(1991), pp. 302-311. (post-flight)
Contact(s):
Dr. Charles Bugg
BioCryst Pharmaceuticals, Inc.
2190 Parkway Lake Dr.
Birmingham, AL 35244
Dr. Dan Carter
ES01
NASA Marshall Space Flight Center, AL 35812
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Principal Investigator(s): Bugg, C. E. (1)
Co-Investigator(s): (Or more specifically, Sample Contributors/
Analysis Teams:) Jones, N. (2), Weber, P. (3), Senadhi, V. (4),
Navia, M. (5), Laver, G. (6), DeLucas, L. J. (7), Eggleston, D.
(8), Einspahr, H. (9), Rubin, B. (10), Stammers, D. (11), Fon-
tecilla, J. (12), Ward, K. (13), Meyer, E. (14), Sigler, P. (15),
Lu, P. (16), McPherson, A. (17), Yonath, A. (18), Carter, D.
(19), Suddath, B. (20), Voet, D. (21)
Affiliation(s): (i) During STS-32: Center for Macromolecular
Crystallography, University of Alabama, Birmingham, Alabama,
Currently: BioCryst Pharmaceuticals, Inc., Birmingham, Alabama;
(2) Eli Lilly & Co., Indianapolis, Indiana; (3) DuPont, Wil-
mington, Delaware; (4,7) University of Alabama, Birmingham; (5)
Vertex Pharmaceutical <Note: the location of Vertex Pharmaceuti-
cal is not clear>; (6) Australian National University <Note: the
location of this university is unclear>; (8) Smith, Kline &
French, Philadelphia, Pennsylvania; (9) Upjohn, Kalamazoo,
Michigan; (i0) Eastman Kodak, Rochester, New York; (ii) Wellcome
Research Laboratories <Note: the location of these laboratories
is unclear>; (12) CNRS, Marseille, France; (13) Naval Research
Lab., Washington, D.C.; (14) Texas A&M University <Note: the
location of this university is unclear>; (15) Yale University,
New Haven, Connecticut; (16,21) University of Pennsylvania <Note:
the location of this university is unclear>; (17) University of
California, Riverside, California; (18) Weizmann Institute <Note:
the location of the institute is unclear>; (19) National
Aeronautics and Space Administration (NASA), Marshall Space
Flight Center, Huntsville, Alabama; (20) Georgia Tech, Atlanta,
Georgia
Experiment Origin: USA
Mission: STS Launch #30, STS-32 (Columbia)
Launch Date/Expt. Date: January 1990
Launched From: NASA Kennedy Space Center, Florida
Payload Type: STS Middeck Experiment (three lockers were used)
Processing Facility: Two Refrigerator-Incubator Modules (RIMs)
were employed. One of the RIMs one was to be maintained at 22
°C, the other at 4 °C. Each RIM held three Vapor Diffusion Ap-
paratus (VDA) trays. Each VDA had 20 experiment chambers. A
seventh VDA tray (not contained within a RIM) was used to
evaluate drop stability.
Builder of Processing Facility: Not specifically stated, but it
is assumed that
(1) the growth chamber trays were built by Teledyne Brown En-
gineering, Huntsville, Alabama and (2) the refrigerators were
built by McDonnell Douglas, St. Louis, Missouri
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Experiment:
Protein Crystal Growth (PCG) (Vapor Diffusion) (PCG-III-02)
This space shuttle experiment was the seventh in a series of in-
vestigations designed by Bugg et al. to study the growth of
protein crystals (see Bugg, STS-023, STS-026, STS-031, STS-032,
STS-26, STS-29). The overall objectives of the investigations
were to (i) evaluate the effect of reduced gravity on several
protein crystalline systems and (2) develop hardware for optimiz-
ing crystal growth in the space environment. The specific objec-
tive of the experiment was to grow protein crystals by a tech-
nique closely related to the vapor diffusion "hanging drop
method."
The vapor diffusion experiments were performed in seven, 20-
chamber trays. Each chamber was configured with (i) a double-
barreled syringe (one barrel containing the protein solution, the
other the precipitating solution) and (2) a porous reservoir
saturated with the precipitating solution. (See Bugg, STS-26 for
additional details of the growth trays.) <Note: A listing of the
employed proteins can be found in the Sample Materials section
below.> Tip plugs stoppered the syringes prior to experiment ac-
tivation.
During the mission, six of the seven growth trays were housed
within Refrigerator-Incubator Modules (RIMs); the seventh tray
was housed in a stowage locker without temperature control. The
RIMs were to be maintained at two different temperatures (22 °C
and 4 °C) "...making it possible to crystallize a wider selection
of proteins." (2, p. 2) During activation of the experiments, a
hand-operated wheel provided semi-automation of (i) the removal
of the syringe tips and (2) subsequent extrusion of drops from
the double-barreled syringes. (Trays within the RIMs were
removed for this activation procedure.) Mixing of the protein and
precipitating agent was realized by repeatedly extruding and
retracting the drop from, and back into, the syringe. After
mixing, six of the trays were returned to the temperature-
controlled units. (The seventh tray was used to study droplet
stability and crystal formation as a function of accelerations.
Droplets were photographed during orbiter maneuvers and crew ac-
tivities.)
During the next several days, the drops were left to equilibrate
with the reservoir solution. Reportedly, "Because the water con-
tent is greater in the droplet than in the reservoir, water vapor
will move from the droplet to the reservoir, thus increasing the
concentrations of both the protein and the precipitant in the
droplet. When these concentrations reach a certain level, the
protein molecules begin to align, forming crystals suspended in
the droplet." (i, p. 6)
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In-flight deactivation of all the experiments occurred several
days after experiment initiation. At deactivation, the resultant
crystals and surrounding solution were retracted into the
syringes and stoppered with the tip plugs.
No further information concerning this experiment (including
post-flight sample analysis) could be located at this time.
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Drops, Drop Formation, Drop Stability, Droplet Creation Via a
Syringe, Hanging Drop Method, Vapor Diffusion Method, Precipita-
tion, Solutal Gradients, Diffusion, Diffusion Mass Transfer,
Diffusion-Controlled Growth, Convection, Sedimentation,
Solid/Liquid Interface, Liquid/Vapor Interface, Biotechnology,
Biological Materials Processing, Biological Structures, Phar-
maceutical Applications, Structure Based Drug Design, Three-
Dimensional Crystalline Structure, Crystalline Structure, Crystal
Morphology, Liquid Expulsion Through a Small Orifice, Liquid
Transfer, Liquid Mixing, Containerless Processing, Refrigeration,
Acceleration Effects
Number of Samples: 140
Sample Materials: Proteins: (i) human growth hormone, (2)
isocitrate lyase, (3) gamma-interferon, (4) porcine elastase, (5)
cyanobacterium photosystem 1 complex, (6) neuraminidase, (7) al-
dose reductase, (8) aridicin aglycone, (9) phospholipase A-2,
(10) cyclosporin A-cyclophilin complex, (11) catalase, (12)
canavalin, (13) 12 base Pair DNA, (14) diacetinase, (15) reverse
transcriptase, (16) lysozyme, (17) lectin, (18) porcine
pancreatic phospholipase A2, (19) TRP repressor/operator complex,
(20) LAC repressor/operator, (21) satellite tobacco mosaic virus,
(22) ribosome, (23) human serum albumin, (24) neuraminidase
Container Materials: syringes: unknown
Experiment/Material Applications:
High-quality protein crystals are of interest t_ several areas of
research, especially in the field of crystalline structural
analysis. If investigators can process proteins "...in such a
way that protein molecules organize symmetrically into crystals
large enough to study..." (1, p. 1) then high resolution X-ray
diffraction will reveal the three-dimensional structure of the
protein. "Determining a protein's molecular structure is an es-
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sential step in several phases of medical research. Knowing the
three-dimensional structure allows for a more systematic approach
to designing compounds which alter the activities of these
proteins." (i, p. i)
Experiments performed during this mission "...could improve food
production and lead to innovative new drugs to combat cancer,
AIDS, high blood pressure, organ transplant rejection, rheumatoid
arthritis, and many other diseases." (2, p. i)
The specific reasons why proteins I, 2, 4, 6, 8, Ii, 12, 14, 17,
20, 21, 22, and 24 (as numbered above in the Sample Materials
section) were selected can be found under Bugg, STS-29 (this
chapter). The specific reasons why proteins 3, 15, and 23 we
selected can be found under Bugg, STS-26. The rest of the listed
proteins have these applications (as detailed in Reference (I)):
(Sample Material #5) Knowledge of the structure of this material
will provide a clearer understanding of photosynthetic
mechanisms.
(Sample Material #7) Enzyme that has been implicated in a number
of diabetic complications.
(Sample Material #9) Enzyme performs functions associated with
cell membranes-better understanding of it could lead to improved
medications for pain and inflammation.
(Sample Material #i0) Principal drug in current use to suppress
immune rejection during organ transplants in humans.
(Sample Material #13) A major mammalian detoxifying enzyme
responsible for clearing potentially harmful peroxide radicals
from rapidly metabolizing tissues.
(Sample Material #16) Enzyme involved in degradation of bacteria
cell membranes. (Flown on this flight only to assess impact of
acceleration environment.)
(Sample Material #18) Enzyme associated with many human disease
states, including rheumatoid arthritis and septic shock.
(Sample Material #19) Protein used to study the structural bases
for the specific affinity of a genetic regulatory protein and its
target.
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References/Applicable Publications:
(i) Mission Operation Report. Office of Commercial Programs,
Report No. C-600-32-89-01, NASA, Protein Crystal Growth, 18 pp.
(preflight)
(2) Dumoulin, J. M.: STS-32 Experiment-Protein Crystal Growth.
NASA Fact Sheet, NASA Marshall Space Flight Center, Huntsville,
Alabama, November 1989, 2 pp. (preflight)
(3) NASA Space Shuttle Mission STS-32 Press Kit, December 1989,
pp. 19-21. (preflight)
(4) Bugg, C. E. and DeLucas, L. J.: Microgravity Protein Crystal
Growth. AIAA 29th Aerospace Sciences Meeting, January 7-10,
1991, Reno, Nevada, AIAA #91-0111. (short overview of results
from all of the missions)
Contact(s):
Dr. Charles Bugg
BioCryst Pharmaceuticals, Inc.
2190 Parkway Lake Dr.
Birmingham, AL 35244
Dr. Dan Carter
ES01
NASA Marshall Space Flight Center, AL 35812
Dr. Lawrence J. DeLucas
UAB/CMC
79-THT, BHSB 262
1918 University Blvd.
Birmingham, AL 35294-0005
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Principal Investigator(s): Wagner, G. (i)
Co-Investigator(s): Unknown
Affiliatlon(s): (1) Botanisches Institut I der Universit_t Gies-
sen, Giessen, Germany
Experiment Origin: Federal Republic of Germany
Mission: STS Launch #22, STS-030 (STS 61-A, Spacelab DI:
Challenger)
Launch Date/Expt Date: October 1985
Launched From: NASA Kennedy Space Center, Florida
Payload Type: Spacelab Facility, Materials Science Double Rack
(MSDR)
Processing Facility: D1 Cryostat
Builder of Processing Facility: Unknown
Experiment:
Bacteriorhodopsin - A Membrane Protein to Convert Liqht Enerqy
(WL-CRY 00)
In order to understand "...the molecular mechanism of vectorial
transport in light [solar radiation], and therefore to uncover
the thermodynamic secret of photoenergetics, detailed knowledge
of the tertiary structure of the... [bacteriorhodopsin] molecule
is necessary. Spatial resolution, to trace the peptide chain and
to position the amino acids involved in the [proton] pumping
process, is ensured so far only by crystallography. This tech-
nique demands large and well ordered crystals." (i, p. 295)
Bacteriorhodopsin single crystals of sufficient size and order
have not been produced in the terrestrial laboratory. In the
space laboratory, however (where gravity-induced convection and
sedimentation are reduced), slow, undisturbed diffusion-dominated
growth of the crystals may be possible.
It appears (from Reference (i)) that a free interface diffusion
technique was used during the D1 experiment to initiate crystal
growth. "A protein solution'is positioned on top of a con-
centrated salt solution, separated by a thin layer of buffer
solution. Thus, slow and undisturbed diffusion is ensured, a
major precondition for limited seed formation and growth of large
and well-ordered crystals." (i, p. 295) Figure 2 in Reference
(i) indicates that the three solutions were placed in a test tube
capped with a parafilm seal. No additional information concern-
ing the Spacelab experiment configuration could be located.
A discussion of the experimental results could not be located.
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Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Single Crystals, Salt Solution, Three-Dimensional Crystalline
Structure, Buoyancy-Driven Convection, Diffusion, Diffusive Mass
Transfer, Diffusion-Controlled Growth, Liquid/Liquid Diffusion,
Double Diffusion, Sedimentation, Concentration Distribution,
Liquid/Liquid Interface, Solid/Liquid Interface, Crystal Morphol-
ogy, Crystalline Structure, Contained Fluids, Biotechnology,
Biological Materials Processing, Biological Structures,
Membranes, Photoenergetics
Number of Samples: unknown
Sample Materials: The exact materials were unspecified: (I) a
protein solution (presumably containing bacteriorhodopsin), (2) a
buffer solution, and (3) a salt solution
Container Materials: unknown, possibly glass test tubes
Experiment/Material Applioations:
See above experiment summary and Reference (i).
References/Applicable Publications:
(i) Altm_ller, D., Grolig, F., Lindhardt, R., and Wagner, G.:
Bacteriorhodopsin - A Membrane Protein to Convert Light Energy.
In Proceedings of the Norderney Symposium on Scientific Results
of the German Spacelab Mission D1, Norderney, Germany, August 27-
29, 1986, pp. 294-296. (post-flight)
(2) Hamacher, H., Merbold, U., and Jilg, R.: Analysis of
Microgravity Measurements Performed During DI. In Proceedings of
the Norderney Symposium on Scientific Results of the German
Spacelab Mission DI, Norderney, Germany, August 27-29, 1986, pp.
48-56. (post-flight; acceleration measurements)
Contact(s):
G. Wagner
Membran-und Bewegungs-Phys.
Botanisches Institut I
der Universit_t Giessen
Justus Liebig-Universit_ Giessen
Senckenberg-Strasse 17
DW-6300 Giessen
Germany
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Principal Investigator(s): Burgess, R. (i)
Co-Investigator(s): Morrison, D. R., Sr. (2), Vardaman, W. K.
(Program Scientist/Projects Manager) (3)
Affiliation(s): (1) University of Kentucky Chandler Medical Cen-
ter, Division of Orthopedic Surgery, Lexington, Kentucky; (2) Na-
tional Aeronautics and Space Administration (NASA), Johnson Space
Center (JSC), Houston, Texas; (3) RANTEK, Inc., Coral Gables,
Florida
Experiment Origin: USA
Mission: Consort 1 (Starfire Rocket)
Launch Date/Expt. Date: March 1989
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Two diffusion chambers within the Materials
Dispersion Apparatus (MDA) minilab
Builder of Processing Facility: Instrumentation Technology As-
sociates, Inc., Exton, Pennsylvania
Experiment:
Protein Diffusion
The overall, long-term objective of this protein diffusion re-
search was to examine the process of free-fluid separation of
bone marrow cells and sub-elements. Specifically, processing
techniques were sought which would eliminate selected subgroups
of T-lymphocytes that react with major histocompatible (MHC) an-
tigens and cause immune rejection of human bone marrow
transplants.
This Consort 1 experiment was designed to (I) obtain model-cell
diffusion measurements which were not masked by strong convective
forces and (2) use these diffusion measurements to determine cell
mobility information.
The experiment was one of 17 investigations simultaneously per-
formed in the Materials Dispersion Apparatus (MDA) on Consort 1
(see also Cassanto, Consort 1 (Chapter 16); Fiske, Consort 1
(Chapter ii) ; Hammerstedt, Consort 1 (Chapter i) ; Luttges, Con-
sort 1 (Chapter i); Pellegrino, Consort 1 (three experiments,
Chapter i); Rodriguez, Consort 1 (Chapter 8); Schoonen, Consort 1
(Chapter 8); Stodieck, Consort 1 (Chapter i); Todd, Consort 1
(four experiments, Chapters i, 2, and ii); Vera, Consort 1 (two
experiments, Chapter I)). While most of the investigative teams
(including this one) used the MDA to conduct a liquid-liquid or
liquid-solid diffusion study (eleven experiments), the apparatus
was also used to (i) determine the role of fluid physics on the
formation of films and the casting of membranes (five
experiments) and (2) determine the effect of re-entry loads on
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terrestrial-grown crystals (one experiment).
The MDA was fashioned (in part) from two blocks of inert
material. Each block had over I00 sample wells strategically
drilled into its surface. A well was capable of holding 100-500
ml of fluid. After all of the wells had been filled with the ap-
propriate sample materials (depending on each investigator's
specific objectives), the blocks were joined together. Twice
during the mission, the upper block moved relative to the bottom
block. Each movement of the block either (i) aligned or (2)
misaligned wells on the top with wells on the bottom. When the
wells were aligned, material transfer from one well to the other
could take place. When the wells were not aligned, material
transfer from one well to the other could not take place. Ap-
propriate positioning of the wells on the top block to those on
the bottom resulted in what was called "Type I," "Type 2," "Type
3," or "Type 4" test wells. The "Type i" test wells were used
exclusively by Cassanto et al. for a protein crystal stability
experiment which investigated the effect of re-entry loads on
terrestrial-grown crystals (see Cassanto, Consort i). The "Type
2" and "Type 3" test wells were used for either the liquid-liquid
or liquid-solid diffusion experiments. The "Type 4" test wells
were used exclusively for the film formation and membrane casting
experiments (see Pellegrino, Consort i; Vera, Consort i). This
experiment was allotted two "Type 2" test wells. Discussion of
this specific well-type is detailed here.
Each "Type 2" test well provided the investigator with one ex-
perimental opportunity. The well-type used two sample wells, one
on the top block and one on the bottom block. Prior to the
rocket flight, one of the wells in each of the "Type 2" test
wells was filled with a solution of urokinase (molecular weight
of 53,000 daltons), while the other well in each of the "Type 2"
test wells was filled with a solution of monoclonal antibody
(MAb) to T-helper and T-suppressor lymphocytes. <Note: It is un-
clear which fluid was placed in the wells in the top block and
which was placed in wells in the bottom block.> The blocks were
joined together such that the well in the upper block was pur-
posely misaligned with the well on the lower block. Once the
rocket had been launched and the low-gravity phase achieved, a
motor and cam mechanism moved the upper block to the right,
aligning the wells on the upper and lower blocks. Once the wells
were in contact, material diffusion was realized across the
liquid-liquid interface. Just prior to the termination of the
low-gravity rocket phase, the upper block again moved right
misaligning the upper and lower wells. This misalignment
prevented further material diffusion between the liquids.
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Post-flight evaluation of the operation of the MDA indicated that
the upper block moved as expected allowing diffusion to take
place in the "Type 2" test wells. Although it was reported that
minor fluid leakage in the top and bottom blocks of the MDA
resulted in contamination of some of the test wells allotted to
the 17 investigations, it was not clear if this particular ex-
periment was affected by the contamination.
Post-flight examination of the samples allotted to this experi-
ment indicated that diffusion between the wells (in both "Type 2"
test wells) had occurred as expected. Reportedly, the amount of
diffused molecules was measured and used to calculate the effec-
tive diffusion constants for both proteins.
No further information discussing the results could be located at
this time.
Key Words: Protein Crystal Growth, Crystal Growth From Solution,
Convection, Diffusion, Diffusive Mass Transfer, Liquid/Liquid
Diffusion, Double Diffusion, Particle Mobility, Buoyancy Effects
Diminished, Separation of Components, Liquid/Liquid Interface,
Interface Physics, Liquid Leakage, Contamination Source, Biotech-
nology, Biological Materials Processing, Biological Structures,
Pharmaceutical Applications, Medical Applications, Immune System,
Antibodies, Human Bone Marrow Transplants, Fibrin Structures,
Blood Clotting
Number of Samples: two
Sample Materials: Concentrated solutions of urokinase (molecular
weight 53000 daltons) diffused into concentrated solutions of
Anti Leu-I monoclonal antibody (MAb) to T-helper and T-suppressor
lymphocytes.
Container Material: inert material
Experiment/Material Applications:
Separation and purification of biological materials such as
cells, cell components, cell surface antigens, proteins and hor-
mones may be enhanced in the low-gravity environment if buoyancy-
driven convective effects are sufficiently reduced. Experiments
during this sounding rocket flight were performed to explore
model T-lymphocyte cell mobility. Urokinase (an enzyme which
dissolves fibrin blood clots after they are formed) was diffused
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into a monoclonal antibody (MAb) to T-helper and T-suppressor
lymphocytes (a material to suppress blood clots).
The experiment was the first in a series of investigations
designed to better understand how arthritis cripples joints. Ul-
timately shuttle investigations "...may lead to pharmaceuticals
that prevent the disease from distorting hands and other body
joints." (5, p. i)
References/Applicable Publications:
(i) Memo from W. Vardaman (RANTEK, Inc.) to C. Winter (NASA, Mar-
shall Space Flight Center, Huntsville, Alabama), March 9, 1990.
(post-flight)
(2) Wessling, F. C. and Maybee, G. W.: Consort 1 Sounding Rocket
Flight. Journal of Spacecraft and Rockets, Vol. 26, No. 5,
September-October 1989, pp. 343-351. (preflight, brief descrip-
tion of MDA)
(3) Cassanto, J. M.: Overview/Summary of Results from the
Material Dispersion Apparatus (MDA) on the Consort I Rocket
Flight. Presentation to the Spring CMDS Scientific and Technical
Project Review, Guntersville, Alabama, April 18-20, 1989. (post-
flight)
(4) Wessling, F. C., Lundquist, C. A., and Maybee, G. W.: Con-
sort 1 Flight Results-A Synopsis. Presented at the IAF 40th In-
ternational Astronautical Congress, October 7-13, 1989; M&laga,
Spain, IAF #89-439. (post-flight)
(5) Arthritis Experiment Scheduled for Space Flights.
tion prepared by RANTEK, Inc., October 28, 1988, 3 pp.
by ITA to C. A. Winter on 1/91)
Informa-
(provided
(6) Project Plan for Conducting Biotechnology Experiments on
Joust i. September 5, 1990. (post-flight; provided by ITA to
C. A. Winter on 1/91.)
(7) Input received from Experiment Investigator, May 1991 and
July 1993.
16-68
Contact(s):
Dr. Ronald Burgess
University of Kentucky
Chandler Medical Center
Division of Orthopedic Surgery
Rose Street
Lexington, KY 40536-0223
Dr. Dennis Morrison, Sr.
2101 NASA Road 1
Mail Code SD411
Houston, TX 77058
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Principal Investigator(s): Cassanto, J. (i), Korszun, Z. R. (2)
Co-Investigator(s): Unknown
Affiliation(s): (1) Instrumentation Technology Association, Ex-
ton, Pennsylvania; (2) University of Wisconsin-Parkside, Depart-
ment of Chemistry, Kenosha, Wisconsin
Experiment Origin: USA
Mission: Consort 1 (Starfire Rocket)
Launch Date/Expt. Date: March 1989
Launched From: White Sands Missile Range, New Mexico
Payload Type: Sounding Rocket Experiment
Processing Facility: Materials Dispersion Apparatus (MDA) Minilab
Builder of Processing Facility: Instrumentation Technology As-
sociates, Inc., Exton, Pennsylvania
Experiment:
Protein Crystal Stability
Fragile protein crystals produced on orbiting spacecraft are sub-
jected to rigorous, high-level g-loads during vehicle re-entry.
Because the survivability of these crystals is a matter of con-
cern, the objective of this short-duration, Consort 1 experiment
was to determine the effects of sounding rocket re-entry g-loads
on terrestrial-grown crystals.
The experiment was one of 17 investigations simultaneously per-
formed in the Materials Dispersion Apparatus (MDA) on Consort 1
(see also Burgess, Consort 1 (Chapter 16); Fiske, Consort 1
(Chapter ii); Hammerstedt, Consort 1 (Chapter i); Luttges, Con-
sort 1 (Chapter i); Pellegrino, Consort 1 (three experiments,
Chapter i); Rodriguez, Consort 1 (Chapter 8); Schoonen, Consort 1
(Chapter 8); Stodieck, Consort 1 (Chapter i); Todd, Consort 1
(four experiments, Chapters i, 2, and ii); Vera, Consort 1 (two
experiments, Chapter i)). While most of the investigative teams
used the MDA to conduct a liquid-liquid or liquid-solid diffusion
study (eleven experiments), the apparatus was also used to (i)
determine the role of fluid physics on the formation of films and
the casting of membranes (five experiments) and (2) perform this
protein crystal stability experiment.
The MDA was fashioned (in part) from two blocks of inert
material. Each block had over i00 sample wells strategically
drilled into its surface. A well was capable of holding 100-500
ml of fluid. After all of the wells had been filled with the ap-
propriate sample materials (depending on each investigator's
specific objectives), the blocks were joined together.
Twice during the mission, the upper block moved relative to the
bottom block. Each movement of the block either (i) aligned or
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(2) misaligned wells on the top block with wells on the bottom.
When the wells were aligned, material transfer from one well to
the other could take place. When the wells were not aligned,
material transfer from one well to the other could not take
place.
Appropriate positioning of the wells on the top block to those on
the bottom resulted in what was called "Type I," "Type 2," "Type
3," or "Type 4" test wells. The "Type i" test wells were used
exclusively for this protein crystal stability experiment. The
"Type 2" and "Type 3" test wells were used for either the liquid-
liquid or liquid-solid diffusion experiments. The "Type 4" test
wells were used exclusively for the film formation and membrane
casting experiments (see Pellegrino, Consort i; Vera, Consort
i). This experiment was allotted thirteen "Type i" test wells.
Discussion on this specific well-type is detailed here.
A "Type I" test well provided the investigator with one ex-
perimental opportunity. Each of the 13 "Type i" well-types used
only one well during the entire mission. This single well was
located in the lower block of the MDA. Each of these 13 wells
contained a terrestrial-grown protein crystal and a liquid solu-
tion. Whenever the upper block moved to the right during the mis-
sion (as previously detailed), the single well in the lower block
contacted only a flat surface of the upper block. Thus, a "Type
i" well was never aligned to another well during the flight.
(Because the MDA performed 17 different experiments at once, the
upper block moved to align/misalign wells as required in other
experiments. However, this experiment required only one well in
which a protein crystal and liquid could be contained).
Specific crystalline and liquid types were not detailed in any of
the available publications. However, information released prior
to the Consort 1 flight indicated that "Earth grown lysozyme
crystals, still in their mother liquor will be exposed to the ac-
celeration levels associated with the launch and re-entry of the
sounding rocket." (5, viewgraphs)
Post-flight evaluation of the operation of the MDA indicated that
the upper block moved as expected. Although it was reported that
minor fluid leakage in the top and bottom blocks of the MDA
resulted in contamination of some of the test wells allotted to
the 17 investigations, it was not clear if this particular ex-
periment was affected by the contamination. A brief note in
Reference (i) (viewgraphs) indicated that crystal shattering oc-
curred. <Note: It is not clear if the crystals could have shat-
tered during vehicle takeoff as high g-loads during this time
would also be prevalent.>
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No further information discussing the nature of the shattering or
other specific results could be located at this time.
Key Words: Protein Crystal Growth, Payload Survivability, Ac-
celeration Effects, Rocket Vibration, Vehicle Re-Entry
Forces/Vibration, Crystal Shattering, Liquid Leakage, Contained
Fluids, Contamination Source
Number of Samples: thirteen
Sample Materials: Unknown, a document published prior to the
flight reported that "Earth grown lysozyme crystals, still in
their mother liquor .... " (5, viewgraphs)
Container Materials: inert material
Experiment/Material Applications:
"Protein crystal destruction could be a problem on unmanned [low-
gravity] carriers, owing to high re-entry 'g-loads'. It is
necessary to determine the magnitude of this risk and to develop
countermeasures if necessary." (5, viewgraphs)
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